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ABSTRACT 
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Tomatoes are widely produced and consumed due to their nutritional content and 
versatility. However, the tomato is a soft fruit liable to damage and flavour 
deterioration. Hence, the main challenge for the tomato producing industry is to prevent 
the high loss incurred during harvest, handling and transportation of the crops. The 
objective of this study was to investigate the overall nutritional implication of controlled 
storage of tomatoes using ozone on the ripening process and the basic nutritional 
components of tomatoes. This investigation was also designed to focus on the effect of 
different ozone doses on the basic components and properties (carotenoids, ascorbic 
acid, total antioxidant activity and soluble sugars content) of the quality and dynamic 
maturity of tomatoes.  
Green tomatoes (Rio Grande) were treated in glass chambers with ozone enriched air 
[(air + 2, 7 and 21 mg O3/g tomato) and control (air only)] under humidity and 
temperature of 90-95% and 14-17 
o
C respectively. Tomatoes were sampled after 14 
days of ozone treatment in the storage chamber and analyzed for different quality 
parameters (appearance, weight loss, Total Soluble Solids (TSS), titratable acidity, total 
ascorbic acid and carotene) of the ripening. 
The variety Elegance tomatoes were selected and the fruits were graded by colour and 
subjected to treatment with ozone (in doses 0 (clean air), 0.25, 0.50, and1.00 mg O3/g 
tomatoes) during storage for 6 days under the same humidity and temperature 
conditions. The fruits were analysed for carotenoids, ascorbic acid content, total 
antioxidant activity and soluble sugars. 
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Analysis of the fruits clearly showed that ozone significantly delayed the development 
of colour on the surface, particularly in the low doses, and caused black spots on the 
surface of the tomatoes, particularly in higher ozone doses. Ozone did not affect the 
ascorbic acid and titratable acidity content. However ozone did reduce the Total Soluble 
Solids (TSS) by about 10% at the lowest ozone dose. A high inhibition of accumulation 
of carotenoids, particularly at low dose, of the tomatoes (Rio Grande) was also 
observed. 
Tomatoes (Elegance) under ozone treatments contained higher β-carotene than those 
under the control treatment and lycopene content increased during storage in the red 
stage of tomato fruits.  Ascorbic acid (AsA), dehydroascorbic acid (DHA) and the total 
of AsA and DHA concentrations, and ratios of redox (ASA/ (ASA + DHA) and 
DHA/AsA in pericarp and pulp of tomatoes tissue, did not show clear differences 
between the different treatments. The concentrations of the glucose and fructose 
increased in the tomatoes which were subjected to ozone treatments. 
Results from this study show that controlled atmosphere storage of tomatoes using 
ozone is a viable technique which warrants further study.  
 
  
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
iv 
ACKNOWLEDGEMENTS 
I must first thank my supervisors, Dr. N. Karodia and Dr. C. Tizaoui for providing 
invaluable support, constant guidance and valuable advice during my PhD studies. 
I specifically thank Mr Ian Mackay and Mr Arthur Kershaw, University of Bradford 
Workshop, for their technical assistance. 
Thanks are also due to Mr Mokthar Agoub, Central Agriculture Research, Musrata 
Libya, Miss Gillian Barrow (Technical Manager) and Mr Gerry Andrew (Nursery 
Manager) from tomato grower John Baarda Ltd, Hull, UK, for their assistance in 
supplying samples of the tomatoes studied.  
I am also grateful to the Libyan government for the financial support throughout my 
PhD studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
v 
CONTENTS 
CHAPTER 1: INTRODUCTION .................................................................................... 1 
1.1 AIMS AND OBJECTIVES ............................................................................................................4 
1.2 REASONS FOR THE CHOICE OF TOMATOES ..............................................................................5 
1.3 SCOPE ......................................................................................................................................6 
CHAPTER 2: LITERATURE REVIEW ........................................................................ 7 
2.1 INTRODUCTION ........................................................................................................................7 
2.2 RIPENING INDICES ...................................................................................................................9 
2.2.1 Ripening stages ............................................................................................................10 
2.2.2 Dynamics of ripening ...................................................................................................10 
2.3 OCCURRENCE OF ANTIOXIDANTS IN TOMATOES ...................................................................13 
2.3.1 Carotenoids (provitamin A) .........................................................................................15 
2.3.1.1 Effect of technological factors on tomato carotenoids ............................................................ 18 
2.3.2 Ascorbic acid (vitamin C) ............................................................................................20 
2.3.3 Tocopherols (vitamin E)...............................................................................................22 
2.3.4 Biological role of antioxidants .....................................................................................24 
2.4 SUGARS .................................................................................................................................26 
2.5 POSTHARVEST FACTORS ........................................................................................................27 
2.6 CONTROLLED ATMOSPHERE (CA) STORAGE .........................................................................28 
2.6.1 Effects of CA on post harvest biology and physiology of fruits and vegetables..........29 
2.6.2 Factors that reduce horticultural post harvest deterioration .........................................30 
2.6.3 Gases used in controlled atmosphere storage ...............................................................32 
2.6.3.1 Oxygen ....................................................................................................................................... 33 
2.6.3.2 Nitrogen ..................................................................................................................................... 33 
2.6.3.3 Carbon dioxide .......................................................................................................................... 33 
2.7 OZONE TREATMENT IN FOOD INDUSTRY AND AGRICULTURE................................................34 
2.7.1 Application of ozone in fresh products ........................................................................36 
2.7.2 Ozone generation .........................................................................................................39 
2.7.3 Standards limit for ozone exposure ..............................................................................40 
2.7.4 Health and safety ..........................................................................................................41 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
vi 
2.8 IMPACT OF RADIATION ON TOMATO RIPENING ......................................................................41 
2.9 ANALYSIS OF COMPONENTS ..................................................................................................44 
2.9.1 Analysis of carotenoids ................................................................................................44 
2.9.2 Analysis of vitamin C ...................................................................................................46 
2.9.3 Analysis of sugars ........................................................................................................47 
2.10 SUMMARY .............................................................................................................................48 
CHAPTER 3: RESEARCH METHODOLOGY ......................................................... 49 
3.1 MATERIALS AND EQUIPMENT ................................................................................................49 
3.2 DESIGN OF EXPERIMENTAL SETUP .........................................................................................52 
3.2.1 Chamber reactor ...........................................................................................................52 
3.2.2 The frame .....................................................................................................................56 
3.2.3 Calibration of flow meters............................................................................................56 
3.2.4 Assembling of the design .............................................................................................56 
3.3 THE STEPS OF OZONATION SYSTEM OPERATION ....................................................................58 
3.4 PLANT MATERIAL ..................................................................................................................59 
3.4.1 Green tomatoes (Rio Grande) ......................................................................................59 
3.4.2 Different stage of tomatoes ripeness samples (Lycopersicon Esculentum cv. 
Elegance)..........................................................................................................................60 
3.4.2.1 Green stage ripeness of tomatoes Elegance) ............................................................................ 61 
3.4.2.2 Yellow stage ripeness of tomatoes (Elegance) ......................................................................... 61 
3.4.2.3 Red stage ripeness of tomatoes (Elegance) .............................................................................. 61 
3.5 OZONATION AND ANALYSIS EXPERIMENTS ..........................................................................62 
3.5.1 Effect of different ozone doses on several post-harvest quality characteristics and 
ripening delay of green tomatoes (Rio Grande) ...............................................................62 
3.5.1.1 Ozonation of the samples .......................................................................................................... 62 
3.5.1.2 Weight loss percentage (WL %) .............................................................................................. 62 
3.5.1.3 Fruit external appearance ........................................................................................................ 62 
3.5.1.4 Titratable acidity (TA) .............................................................................................................. 62 
3.5.1.5 Total soluble solids ( TSS) ........................................................................................................ 63 
3.5.1.6 Determination of ascorbic acid (AA) ....................................................................................... 63 
3.5.1.7 Determination of total carotene ............................................................................................... 64 
3.5.2 Effect different of ozone doses on carotenoids (β-carotene and lycopene) at 
different stages of tomatoes ripening: ..............................................................................65 
3.5.2.1 Ozonation of the samples .......................................................................................................... 67 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
vii 
3.5.2.2 Carotenoids assays .................................................................................................................... 68 
3.5.2.3 Calculation ................................................................................................................................. 69 
3.5.3 Effect difference of ozone doses on ascorbic acid and dehydroascorbic acid 
content at different stage of tomatoes ripening ................................................................69 
3.5.3.1 Ozonated samples ...................................................................................................................... 69 
3.5.3.2 Sample extraction ...................................................................................................................... 70 
3.5.3.3 Sample assay .............................................................................................................................. 70 
3.5.3.4 Calculation ................................................................................................................................. 70 
3.5.4 Effect difference of ozone doses on antioxidant activity at the different stages of 
tomatoes ripening .............................................................................................................71 
3.5.4.1 Ozonation samples .................................................................................................................... 71 
3.5.4.2 Extract and assay ...................................................................................................................... 71 
3.5.4.3 Method of sample extraction and assay ................................................................................... 71 
3.5.5 Effect different of ozone doses on glucose and fructose content in tomatoes at 
different stages of ripening ..............................................................................................72 
3.5.5.1 Ozonation samples .................................................................................................................... 72 
3.5.5.2 Extraction and Assay ................................................................................................................ 73 
3.5.5.3 Calculation ................................................................................................................................. 73 
3.6 STATISTICAL ANALYSIS ........................................................................................................74 
CHAPTER 4: RESULTS AND DISCUSSION ............................................................ 75 
4.1 TRIAL EXPERIMENTS .............................................................................................................75 
4.1.1 Calibration of flow meters............................................................................................75 
4.1.2 Ozonation trial experiments .........................................................................................76 
4.1.2.1 Titratable acidity and total soluble solids ................................................................................ 77 
4.1.2.2 Total carotenoids and ascorbic acid......................................................................................... 78 
4.1.2.3 External appearance of the fruit .............................................................................................. 79 
4.2 EFFECT OF DIFFERENT OZONE DOSES ON (RIO GRANDE) GREEN TOMATOES POST-
HARVEST ................................................................................................................................80 
4.2.1 Weight loss % ..............................................................................................................81 
4.2.2 External appearance of the fruit ...................................................................................83 
4.2.3 Total soluble solids (TSS) ............................................................................................85 
4.2.4 Titratable acidity (TA) .................................................................................................87 
4.2.5 Ascorbic acid (AA) ......................................................................................................88 
4.2.6 Total carotenoids ..........................................................................................................89 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
viii 
4.3 EFFECT OF DIFFERENT OZONE DOSES ON CAROTENOIDS (Β-CAROTENE AND LYCOPENE) 
AT DIFFERENT STAGES OF TOMATOES RIPENING .................................................................91 
4.3.1 β-Carotene standard .....................................................................................................91 
4.3.1.1 Effect of different ozone doses on β-carotene in tomatoes at green stage of ripeness .......... 92 
4.3.1.2 Effect of different ozone doses on β-carotene in tomatoes at yellow stage of Ripeness ........ 93 
4.3.1.3 Effect of different ozone doses on β-carotene in tomatoes at the red stage of ripeness ....... 94 
4.3.2 Lycopene standard .......................................................................................................96 
4.3.2.1 Effect of different ozone doses on lycopene in tomatoes at green stage of ripeness ............. 97 
4.3.2.2 Effect of different ozone doses on lycopene in tomatoes at yellow stage of ripeness ............ 97 
4.3.2.3 Effect of different ozone doses on lycopene in tomatoes at red stage of ripeness ................. 98 
4.4 EFFECT OF DIFFERENT OZONE DOSES ON REDUCED ASCORBIC ACID (ASA), 
DEHYDROASCORBIC ACID (DHA), AND TOTAL ASA+DHA CONCENTRATIONS, AND THE 
REDOX (ASA/ASA+DHA) AND DHA/ASA RATIOS IN PERICARP TISSUE AND PULP 
TISSUE IN TOMATOES AT DIFFERENT STAGES OF RIPENESS .................................................101 
4.4.1 Effect of different ozone doses on AsA, DHA, and total AsA +DHA 
concentrations, and the redox (AsA/AsA +DHA) and DHA/AsA ratios in pericarp 
tissues of green tomatoes ...............................................................................................101 
4.4.2 Effect different of ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in pericarp 
tissue of yellow tomatoes ...............................................................................................103 
4.4.3 Effect of different ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in pericarp 
tissue of red tomatoes .....................................................................................................104 
4.4.4 Effect of different ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in the pulp 
tissue of green tomatoes .................................................................................................106 
4.4.5 Effect of different ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in the pulp 
tissue of yellow tomatoes ...............................................................................................107 
4.4.6 Effect of different ozone doses on reduced ascorbic acid, dehydroascorbic acid 
and total AsA+DHA concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA 
ratios in the pulp tissue of tomatoes at red stage of ripeness .........................................109 
4.5 EFFECT OF DIFFERENT OZONE DOSES ON ANTIOXIDANT ACTIVITY IN DIFFERENT TOMATO 
TISSUES AND AT DIFFERENT STAGES OF RIPENING ..............................................................112 
4.5.1 Standard curve for the interaction of ABTS with Trolox ...........................................112 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
ix 
4.5.2 Effect of different ozone doses on antioxidant activity in the pericarp tissue of 
green tomatoes ...............................................................................................................113 
4.5.3 Effect of different ozone doses on antioxidant activity in the pericarp tissue of 
yellow tomatoes .............................................................................................................113 
4.5.4 Effect of different ozone doses on antioxidant activity in the pericarp tissue of red 
tomatoes .........................................................................................................................114 
4.5.5 Effect of different ozone doses on antioxidant activity in the pulp tissue of green 
tomatoes .........................................................................................................................115 
4.5.6 Effect of different ozone doses on antioxidant activity in pulp tissue of yellow 
tomatoes .........................................................................................................................116 
4.5.7 Effect of different doses of ozone on antioxidant activity in the pulp tissue of red 
tomatoes .........................................................................................................................116 
4.6 EFFECT OF DIFFERENT OZONE DOSES ON GLUCOSE AND FRUCTOSE CONTENT AT 
DIFFERENT STAGES OF TOMATOES RIPENESS.......................................................................119 
4.6.1 Effect of different ozone doses on glucose content in tomatoes at the green stage 
of ripeness ......................................................................................................................120 
4.6.2 Effect of different ozone doses on glucose in tomatoes at the yellow stage of 
ripeness ..........................................................................................................................121 
4.6.3 Effect of different ozone doses on glucose in tomatoes in the red stage of ripeness .122 
4.6.4 Effect of different ozone doses on fructose content in tomatoes at the green stage 
of ripeness ......................................................................................................................123 
4.6.5 Effect of different ozone doses on fructose content in tomatoes in the yellow stage 
of ripeness ......................................................................................................................123 
4.6.6 Effect of different ozone doses on fructose content in tomatoes in the red stage of 
ripeness ..........................................................................................................................124 
4.7 SUMMARY ...........................................................................................................................127 
CHAPTER 5: CONCLUSIONS AND FUTURE WORK ......................................... 129 
5.1 CONCLUSIONS .....................................................................................................................129 
5.2 FUTURE WORK .....................................................................................................................131 
CHAPTER 6: REFERENCES ..................................................................................... 133 
CHAPTER 7: APPENDIX ........................................................................................... 157 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
x 
7.1 APPENDIX A: SAMPLES OF THE CAROTENOID ANALYSIS USING HPLC ..............................157 
7.2 APPENDIX B: SAMPLES OF STATISTICAL ANALYSIS ............................................................162 
 
  
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
xi 
List of Figures 
Figure ‎2-1 Carotenoid structures: β-carotene (top) and lycopene (bottom) present in 
many plants, especially in tomato 15 
Figure ‎2-2 Ascorbic acid structure (left) and dehydroascorbic acid structure (right) 20 
Figure ‎2-3 Ozone corona discharge generation 40 
Figure ‎3-1 First chamber reactor 53 
Figure ‎3-2 Second generation chamber 54 
Figure ‎3-3 The complete chambers 55 
Figure ‎3-4 Assembled equipment in the whole design 57 
Figure ‎3-5 Green tomatoes (Rio Grande) 59 
Figure ‎3-6 Elegance tomatoes 60 
Figure ‎3-7 Green stage ripeness of tomatoes (Elegance) 61 
Figure ‎3-8 Yellow stage ripeness of tomatoes (Elegance) 61 
Figure ‎3-9 Red stage ripeness of tomatoes (Elegance) 61 
Figure ‎3-10 Liquid chromatography setup 65 
Figure ‎4-1 TA and TSS in control and treated sample 78 
Figure ‎4-2 Total carotene and ascorbic acid content in control 78 
Figure ‎4-3 Colour development after storage 80 
Figure ‎4-4 Treatment doses vs weight loss 82 
Figure ‎4-5 Development of colour on the surface of the tomatoes, A: Air, (B: Air +2 mg 
O3/g tomatoes, C: Air + 7 mg O3/g tomatoes, D: Air + 21 mg O3/g tomatoes) 83 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
xii 
Figure ‎4-6 Fruit surface after 14 days of treatment under controlled storage 84 
Figure ‎4-7 Treatment doses vs. TSS 86 
Figure ‎4-8 Effect of ozone doses on TA 87 
Figure ‎4-9 Effect of ozone doses on AA 88 
Figure ‎4-10 Effect of ozone doses on total carotenoid content 90 
Figure ‎4-11 HPLC profile of β-carotene standard (100 μg/ml) separated on Hi chrom 
column with gradient elution with solution A and solution B vs absorbance at OD  
455 nm 92 
Figure ‎4-12 Plot of β-carotene concentration (μg/g green tomatoes) versus ozone 
treatment doses 92 
Figure ‎4-13 Plot of β-carotene concentration (μg/g yellow tomatoes) vs ozone treatment 
doses 93 
Figure ‎4-14 Plot of β-carotene concentration (μg/g red tomatoes) vs ozone treatment 
doses 94 
Figure ‎4-15 Structures of β-carotene; 9-cis-β-carotene; β-cryptoxathine and lycopene 96 
Figure ‎4-16 HPLC profile of the lycopene standard (100 μg/ml) separated on Hi chrom 
column with gradient elution with solution A and solution B versus absorbance at OD 
455 nm 96 
Figure ‎4-17 Individual value plot of lycopene concentration (μg/g green tomatoes) vs 
ozone treatment doses 97 
Figure ‎4-18 Plot of lycopene concentration (μg/g yellow tomatoes) versus ozone 
treatment doses 98 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
xiii 
Figure ‎4-19 Plot of lycopene concentration (μg/g red tomatoes) vs ozone treatment 
doses 98 
Figure ‎4-20 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pericarp tissue of green tomatoes vs ozone 
treatment doses 102 
Figure ‎4-21 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pericarp tissue of yellow tomatoes vs ozone 
treatment doses 103 
Figure ‎4-22 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pericarp tissue of red tomatoes vs ozone 
treatment doses 105 
Figure ‎4-23 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pulp tissue of green tomatoes vs ozone 
treatment doses 106 
Figure ‎4-24 Plots of AsA, DHA and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pulp tissue of yellow tomatoes vs ozone 
treatment doses 108 
Figure ‎4-25 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pulp tissue of red tomatoes vs ozone 
treatment doses 109 
Figure ‎4-26 Standard curves for the interaction of ABTS**with Trolox. The y axis 
represents the % of the maxim absorbance at 734 nm remaining [100%=0.70] 112 
Figure ‎4-27 Plot of antioxidant activity concentration (μM TEAC) in the pericarp tissue 
of green tomatoes vs ozone treatment doses 113 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
xiv 
Figure ‎4-28 Plots of antioxidant activity concentration (μM of TEAC) in the pericarp 
tissue of yellow tomatoes vs ozone treatment doses 114 
Figure ‎4-29 Plot of antioxidant activity concentration (μM of TEAC) in the pericarp 
tissue of red tomatoes vs ozone treatment doses 114 
Figure ‎4-30 Plot of antioxidant activity concentration (μM of TEAC) in the pulp tissue 
of green tomatoes vs ozone treatment doses 115 
Figure ‎4-31Plot of antioxidant activity concentration (μM of TEAC) in the pulp tissue 
of yellow tomatoes vs ozone treatment doses 116 
Figure ‎4-32 Plot of antioxidant activity Concentration (μM of TEAC) in pulp tissue of 
red tomatoes vs ozone treatment doses 117 
Figure ‎4-33 Absorbance vs time in extracts diluted 50 fold 119 
Figure ‎4-34 Absorbance vs time in extracts diluted 60 fold 120 
Figure ‎4-35 Plots of glucose concentration (g/kg green tomatoes) vs ozone treatment 
doses 121 
Figure ‎4-36 Plots of glucose concentration (g/kg yellow tomatoes) vs ozone treatment 
doses 121 
Figure ‎4-37 Plot of glucose concentration (g/kg red tomatoes) vs ozone treatment doses
 122 
Figure ‎4-38 Plot of fructose concentration (g/kg green tomatoes) vs ozone treatment 
doses 123 
Figure ‎4-39 Plot of fructose concentration (g/kg yellow tomatoes) vs ozone treatment 
doses 124 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
xv 
Figure ‎4-40 Plot of fructose concentration (g/kg red tomatoes) vs ozone treatment doses
 125 
 
  
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
xvi 
List of Tables 
Table 2-1 Mature stage (Adapted from Kader and Morris, 1976) .................................... 9 
Table 3-1 Chemical materials ......................................................................................... 49 
Table 3-2 Equipment ....................................................................................................... 51 
Table 4-1Calibration of the flow meter by measuring the air before passing through the 
ozone generator ............................................................................................................... 75 
Table 4-2 Calibration of the flow meter by measuring the air before passing through the 
glass mixture ................................................................................................................... 76 
Table 4-3 Calibration of the flow meter by measuring the air before passing through the 
chamber of the control sample ........................................................................................ 76 
Table 4-4 Essential composition in tomato fruit ripening after storage using ozone 
treatment and control sample .......................................................................................... 77 
 
 
 
 
 
 
 
 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
1 
Chapter 1:   Introduction 
Tomatoes, native to South America, are now a widely cultivated and consumed crop 
with about 125 million tons produced worldwide in 2008 (FAO, 2009). Their status is 
due to the fact that they can be eaten fresh or in several processed forms. Fruits and 
vegetable consumption has long been connected with maintenance of health and 
prevention of diseases (Steinmetz and Potter, 1996; Lister, 2003). In this context, 
tomatoes are an important crop and are a major contributor of carotenoids (particularly 
lycopene), phenolics, vitamin C and small amounts of vitamin E in daily diets (Khachik 
et al., 2002; Vinson et al., 1998). The shelf life is the shortest as many fruits and 
vegetables (Vigneault, 2003), as much as 30% of the tomato crop are lost yearly during 
harvesting, storage and shipping (Waterman, 1994). 
Tomatoes are climacteric in nature and the beginning of a climacteric rise in respiration 
and ethylene production coincides with the first appearance of red colour (Saltveit, 
2005). Tomatoes, under ambient conditions, ripen rapidly before becoming excessively 
soft and no longer marketable (Davies and Hobson, 1981). Low respiration and low 
temperature storage are effective in delaying the ripening and control of post-harvest 
decay as high humidity conditions reduce product desiccation. Nevertheless, in the case 
of tomatoes, it is not possible to develop low temperature storage as the crop is subject 
to chilling injury (Morris, 1982). Refrigerated tomatoes lose flavour, hence the 
supermarket sticker often found on tomatoes, ‘Never Refrigerate’. 
Several important changes occur in the ultra structure of tomatoes during ripening, such 
as, synthesis of pigments (e.g. lycopene), production of flavour and aroma compounds, 
and increase in the ratio of citric to malic acid (Grierson and Kader, 1986). 
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Post-harvest treatment with artificial ultraviolet (UV-C) radiation can be adjunct to 
refrigeration for preserving fruits and vegetables (Lu et al., 1987; Lu et al., 1991; Liu et 
al., 1993; Maharaj et al., 1993). Today, the tomato has the status of a functional food 
when considering the epidemiological proof for its reduction of the risk of some types 
of cancers (Nguyen and Schwartz, 1999). Estimation of antioxidant activity has become 
a conventional parameter to evaluate the nutritional quality of food. The major 
antioxidants in tomatoes are carotenoids, ascorbic acid and phenolic compounds 
(Giovanelli et al., 1999). Lycopene is the main carotenoid accounting for more than 
80% of the total carotenoids present in a fully ripe tomato fruit (Nguyen and Schwartz, 
1999). It has the highest antioxidant activity among all dietary antioxidants (George et 
al., 2004; Di Mascio et al., 1989). 
Storage of tomatoes, and other products of tropical or subtropical origin, at below 
critical temperatures, predisposes them to chilling injury (Grierson and Kader, 1986; 
Yanuriati et al., 1999). The tomato metabolism continues after their detachment from 
the plant when fruits have reached their red stage of ripening. When they continue to 
ripen and finally deteriorate they become valueless (Yanuriati, Savage, and Rowe, 
1999). The metabolism of respiration is slowed by low-temperature storage or storage in 
a high carbon dioxide atmosphere to extend the shelf life of fruits and vegetables (Kalt 
et al., 1999). Fruits and vegetables are highly perishable products particularly once they 
have been harvested. Being metabolically active, they tend to lose energy reserves 
through respiration and water through transpiration. In addition to the biochemical 
changes, there may be losses in quality through mechanical damage, pests and diseases, 
as well as physiological disorders induced by high or low temperatures or incorrect 
storage atmosphere (Burdon, 1997). Thus, the so called term ‘post-harvest losses’ not 
only includes losses that can arise by various means including attack by fungi and other 
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organisms, but also encompasses premature  ripening that may result from physical 
damage to the fruit during processing or transport, or during incorrect storage (Shama 
and Alderson, 2005). The scale of such losses, estimated as constituting one-third of all 
harvested produce, is a significant cause for concern in developed countries but can be 
catastrophic for developing countries (Stevens et al., 1997). 
Improving the existing practices of handling and storage as well as developing newer 
techniques in order to maintain post-harvest quality has always been a challenge to the 
researchers. It is into this debate and enquiry that the research being presented here 
hopes to add. 
Interest in ozone applications in food processing and agriculture has increased in recent 
years (EPRI Expert Panel, 1997). In 2001, ozone was generally recognized as a safe 
substance by the U.S. Food and Drug Administration (FDA), following the submission 
of a Food Additive Petition which contained safety and usefulness data. Later, the 
USDA approved its use on meats and on certified organic foods. By the mid- 1990s, 
ozone was permitted for use in food processing in Japan, Australia and France. 
Ozone has a long history as a water disinfectant. Some of the aspects of ozone use that 
have been reviewed are: water disinfection applications (Nickols and Varas, 1992; 
White 1999; Rice, 1999); food safety and sanitation (Graham et al., 1997; Kim et al., 
1999); responses of horticultural products to ozone (Forney, 2003); chemistry 
(Razumovski and Zaikov, 1984); and the practical aspects of the design and operation of 
ozonators (Rice and Netzer, 1984). 
As ozone may not be beneficial for every horticultural commodity, the effects of this 
gas on many fruits and vegetables are currently under study at laboratories in the 
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industry throughout the world and will undoubtedly lead to many commercial 
applications. 
The gas may be especially beneficial in slowing the ripening and deterioration of some 
tropical and subtropical fruits and vegetables to allow prolonged storage under the 
higher temperatures required to prevent chilling injury to these commodities. Even with 
temperate fruit, ozone could improve tolerance of commodities to interruptions in the 
cold chain and possibly reduce dependency on costly controlled atmospheres. Finally, 
ozone treatment may prove to be of use for protecting ethylene-sensitive members of 
mixed-load shipments. 
It is important to note that ozone has been approved for commercial use only with 
apples. Similar to the case for apples, additional research with tomato and other fruits 
and vegetables will be required to exactly determine the optimum ozone treatment 
levels, duration of exposure, and to establish if different cultivars will require only 
application conditions. 
1.1 Aims and objectives 
The aim of this study is to evaluate the effect of using different ozone doses in 
controlled atmosphere storage to extend the storage life by delayed ripening and 
evaluate the impact of different ozone doses to maintain the important nutrition quality 
of tomato fruit postharvest. 
The objectives of this research are: 
1) To design and fabricate a flow through ozonation system. 
2) To induce post-harvest stress to tomato fruits with ozone and to inspect the 
effect on storage life and quality aspects.  
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3) To investigate the effect of ozone dose on the physical properties of the fruit in 
terms of fruit weight loss rate and the time for development of colour during the 
period of ripening, and chemical properties of the quality tomatoes fruits 
(titratable acidity, total soluble solids, ascorbic acid and total carotene).  
4) To evaluate the impact of postharvest treatment storage of ozone treated tomato 
fruits at different stages of ripening on the important antioxidant components 
(carotenoids, ascorbic acid and antioxidant activity) from a food functionality 
point of view. 
5) To evaluate the impact of postharvest treatment storage of ozone treated tomato 
fruits at different stages of ripening on the sugar components. 
1.2 Reasons for the choice of Tomatoes 
1) Tomatoes are one of the most widely consumed fruit crops in the world, not only 
because of its volume, but also because of its overall contribution to nutrition 
and its important role in human health. 
2) It is the main agricultural crop grown in Libya, the home country of the 
researcher. However it is not as yet exported as no technology for controlling 
atmosphere storage exists. 
3) Findings of this research will be of benefit to the country and the industry as the 
loss in tomato crop may occur before harvesting. This is due to rapid ripening 
because of high temperatures during the summer season in hot countries such as 
Libya. 
4) The research will benefit countries which produce and export tomatoes.  
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1.3 Scope 
The study in this thesis is designed to focus on the operations used in agriculture and 
food industry in general, along with the industrial policies applied to different kinds of 
the techniques of post harvest storage and handling of crops in Libya. 
The present research helps to achieve some physiological understanding for the changes 
observed in tomato fruits following ozone. It also facilitates in tailoring the behaviour of 
other crops and varieties for ozone treatment. Work in the area of controlled atmosphere 
storage using ozone inspires confidence that continued studies will contribute to the 
upgrading, extending shelf life and maintenance of quality of tomatoes fruit. It is also 
important in the food industry which offer strong protection especially in fruit storage 
applications, since reducing post harvest crop losses is a major agricultural goal. For 
highly perishable commodities, such as tomatoes investments in protection of the crop 
after harvest are usually less costly for the grower and the consumer and less harmful to 
the environment than efforts to increase production.  
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Chapter 2:   Literature Review 
2.1  Introduction 
The tomato botanically, is a fruit. This is because, in general, a fruit is the edible part of 
the plant that contains the seeds, unlike the edible stems, roots, and leaves of the 
vegetable plant. 
Their regard stems from the fact that are able to be eaten fresh or in a multiple of 
processed forms. The global production of tomatoes (fresh and processed) has 
improved. In tomatoes, the time of growth and development from fertilization to 
maturity lasts 45-55 days depending upon climate and cultivar. Fruits when reaching 
about 80% of their final size obtain the ability to continue to develop normal ripening 
after harvest; they are said to be mature green. Ripening is the final stage of maturation, 
when fruits develop the characteristic colour, texture, flavour and aroma associated with 
the optimum quality. Tomatoes are climacteric in nature and the beginning of a 
climacteric rise in respiration and ethylene production coincides with the first 
appearance of red colour. Changes of the pigment that occur during ripening are 
considered in three different phases based on three striking ratios observed between 
chlorophyll and carotenoids at green, breaker and red ripe stage (Saltveit, 2005). 
A reason that is especially important for fresh-market tomatoes is the shelf life. The 
tomato quality was better if picked at riper stages but this influences the shelf life to a 
greater extent. A variety, Daniella, ripened more slowly than traditional varieties made a 
large impact and involved growers in sub tropical European area (Spain, Morocco, 
Tunisia and Italy). However, Daniella proved to be lacking in taste when compared to 
several others of the existing cultivars. More growers in more northern Europe 
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(Belgium, The UK and The Netherlands) however were moving from a bulk product to 
a high quality product (Lindhout, 2005). It is understandable that both product quality 
and shelf-life are important. On the other hand, the real challenge is to join the positive 
aspects of product quality and shelf-life in any single variety. Tomato under ambient 
conditions rapidly ripens before becoming excessively soft and no longer marketable 
(Davies and Hobson, 1981).  
Fruit and vegetable consumption has been connected with maintenance of health and 
prevention of diseases (Steinmetz and Potter, 1996; Lister, 2003). Tomatoes are an 
important crop and are a major contributor of carotenoids (particularly lycopene), 
phenolics, vitamin C and small amounts of vitamin E in daily diets (Vinson et al., 1998; 
Khachik et al., 2002).  
Results from the epidemiological studies have shown that tomatoes and tomato products 
may have a protective effect against various forms of cancer, especially prostate cancer, 
and cardiovascular diseases (Rao and Agarwal, 1999; Arab, Steck, and Harper, 2000; 
Barber and Barber, 2002). 
Several important changes occur in the ultra structure of tomatoes during ripening, such 
as, synthesis of pigments (e.g. lycopene), production of flavour and aroma compounds, 
and increase in the ratio of citric to malic acid (Grierson and Kader, 1986). Abushita et 
al. (1997) and Giovanelli et al. (1999) reported an increase in the ascorbic acid content 
of tomatoes during their ripening. Total phenolics and flavonoids have also been 
reported to rise during the ripening of tomatoes (Cano et al., 2003; Hunt and Baker, 
1980). 
The tomato metabolism continues, even after its detachment from the plant, when the 
fruits have reached their red stage of ripening. When they continue to ripen , they 
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deteriorate till they become of no value (Yanuriati, et al., 1999). The metabolism of 
respiration is slow by low-temperature storage or storage in a high carbon dioxide 
atmosphere to extend the shelf life of fruits and vegetables (Kalt, et al., 1999). Storage 
of tomatoes and other products of tropical or subtropical origin, at below critical 
temperatures, predisposes them to chilling injury (Grierson and Kader, 1986; Yanuriati 
et al., 1999).  
2.2  Ripening indices 
 Depending on the market and production area, tomatoes are harvested at stages of 
maturity ranging from physiological maturity (mature-green stage) through full-ripe. 
Immature tomatoes are available for certain regional dishes. It is difficult to accurately 
determine the completion of physiological maturity.  
Depending on the growing area and the time of harvest, the percentage of immature 
tomatoes (M-1) in lots of green-harvested tomatoes may range from 20 to 80% (Sargent 
and Van Sickle, 1996). Tomatoes harvested at the mature-green stage (M-3 or M-4) will 
ripen to high quality if handled properly (Maul et al, 1998). Tomatoes harvested at the 
M-2 stage will ripen to moderate quality, while those harvested at M-1 stage will not 
ripen to acceptable levels of quality. 
Table ‎2-1 Mature stage (Adapted from Kader and Morris, 1976) 
Maturity Rating Description 
M1 Locule tissue solid; seeds are white and are sliced. 
M2 One or two locules contain gel with tan seeds that do not slice. 
M3 All locules contain gel with tan seeds that do not slice. 
M4 Appearance of red coloration in locule tissue. 
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2.2.1 Ripening stages 
Ripeness stages are defined according to the following standards for red-fleshed 
tomatoes (USDA, 1991): Depending on Ripeness Stage and
 
External Colour  
1) Green: Fruit surface is completely green (light to dark).  
2) Breaker colour from green to yellow, pink or red on not more than 10% of the 
surface.  
3) Turning 10 to 30% of the surface is not green; in total it shows a change from green 
to yellow, pink, red, or a combination thereof.  
4) Pink: 30 to 60% of the surface is not green; in total it shows pink or red colour.  
5) Light red: 60 to 90% of the surface is not green; in total it shows pinkish-red or red.  
6) Red: More than 90% of the surface is not green and shows red colour.  
2.2.2 Dynamics of ripening 
Since the review on tomato fruit composition by Davies and Hobson (1981), more 
recent studies have emphasized the dynamic aspects of ripening and the nature of the 
mechanisms controlling the changes (Grierson, 1985, 1986; Brady, 1987; Tucker, 1990; 
Speirs and Brady, 1992). Although the 'organizational resistance' theory of Blackman 
and Parija (1928) which explained ripening as a progressive breakdown in cellular 
compartmentation has been held sway for so many years - mainly  because it is partially 
correct – evidence gradually accumulated showing that ripening was a directed process 
which involved synthesis, as well as degradation. Although some chloroplastic 
components disintegrate, they are replaced by others to form chromoplasts. The middle 
lamella partly dissolves, but the plasma membrane remains intact and mitochondrial 
activity in the cytoplasm persists into senescence. So the wholesale breakdown in cell 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
11 
membranes not occurred, even by the time tomato fruits are fully ripe (Brady, 1987). 
The mechanism behind the onset of the very early events in the ripening sequence still 
not been elucidated. 
Major changes occur in the physiology and biochemistry of a mature green tomato at 
the onset of ripening. These alterations occur rapidly, are comprehensive, affecting all 
cell compartments, and fundamentally alter the appearance, the flavour, the texture, the 
disease-resistance and the survivability or shelf life of the fruit. 
Ripening is the result of complex changes, many of them probably occurring 
independently of one another. It is normally an irreversible process. Fruits and 
vegetables are divided to climacteric and non-climacteric. The principal difference 
between climacteric and non-climacteric is the rate of respiration and ethylene 
production, which is high in characteristic of climacteric fruits. As the respiration rate 
increases, the increase in production of carbon dioxide or decrease in internal oxygen 
concentration takes place. Respiration can be described as the oxidative breakdown of 
the more complex materials normally present in the cells. The largest quantitative 
change associated with ripening is usually the breakdown of carbohydrate polymers, 
particularly frequent near total conversion of starch to sugars. The increase in sugar 
renders the fruit much sweeter and, therefore, more acceptable. 
The breakdown of polymeric carbohydrates, mainly pectic and hemicelluloses 
substances weakens cell walls and the cohesive forces required to hold cells together. 
Organic acids usually decline during ripening as they are respired or converted to 
sugars. 
Colour is the most obvious change that occurs in many fruits and is often the major 
criterion used by the consumers to determine whether the fruit is ripe or unripe. The 
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most common change is the loss of green colour. With few exceptions, for example, the 
avocado and Granny Smith apple, climacteric fruits show rapid loss of green colour on 
ripening. Many non-climacteric fruits also exhibit a marked loss of green colour with 
attainment of optimum eating quality, for example, citrus fruits in temperate climates. 
The loss of green colour is due to degradation of the chlorophyll structure. The 
disappearance of chlorophyll is associated with the synthesis and/or revelation of 
pigments ranging from yellow to red. Many of these pigments are carotenoids, which 
are unsaturated hydrocarbons with generally forty carbon atoms, which may have one or 
more oxygen functions in the molecule. Following the degradation of chlorophyll, the 
carotenoid pigments become visible with other tissues, carotenoid synthesis occurs 
concurrently with chlorophyll degradation. 
The biosynthesis of the carotenoids can be considered in several stages: 
1) The formation of the 40C skeleton: The formation of the 40C skeleton of the 
carotenoids results from tail-to-tail addition of two units of geranyl-geranyl 
pyrophosphate. It has been demonstrated that this initial 40C product is phytoen. 
2) Dehydrogenations: The key substance, phytoen, is subjected to a series of 
dehydrogenation reactions, which lead to phytofluen. -carotene, neurosporene and 
finally lycopene. As already mentioned -carotene is the first coloured carotene in this 
sequence. Apart from both ends of the molecule lycopene consists of a sequence of 
completely conjugated double bonds. Its name comes from its occurrence in certain 
breeds of tomatoes (Lycopersicon Esculentum). 
3) Cyclization: Lycopene and all preceding intermediates in the biosynthetic pathway 
are open chain. It is still unsettled whether the cyclization of the ends of the chain 
occurs at the level of lycopene or of its precursor neurosporene. 
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4) Oxidations: So far in the biosynthesis sequence we have encountered only 
carotenes from which xanthophylls are derived from them by the introduction of oxygen 
functions. It is almost certain that these oxidations occur after. 
Almela et al. (1996) found that during the ripening of normal tomatoes the chlorophyll 
content and the activity of chlorophyllase changed concurrently. There is evidence the 
involvement of chlorophyll in the synthetic reactions of tomato fruit but its contribution 
is limited in time by its loss during ripening. The amount of phytol, which could be 
liberated during the disappearance of chlorophyll, appears to be insufficient to account 
for the amount of lycopene formed, so that an independent system for its synthesis is 
indicated. 
The occurrence and identity of the major carotenes in various species of tomatoes were 
established largely. The -carotene is an important contributor to the colour of half-ripe 
fruit, and together with -carotene it is present in small quantities in mature green fruit. 
Lycopene constitutes the main red pigment of tomatoes, and its concentration increases 
steadily throughout ripening. Oxygenated carotenoids or xanthophylls also occur in 
tomato fruit to the extent of about 6% of the carotenoid content. 
2.3 Occurrence of antioxidants in tomatoes 
Abushita et al. (1997) investigated the antioxidant vitamin content (vitamin C, vitamin 
E and ß-carotene and their derivatives) in different cultivars of tomato, using liquid 
chromatographic methods, in which the carotenoid extract can be divided into 14 
components, including ß-carotene, lutein, and lycopene as the main components. Paired-
ion liquid chromatography was provided to give an excellent separation with high peak 
purity of ascorbic acid. The normal-phase chromatography and fluorescence detection, 
homologues of tocopherol were separated and sensitively detected.  
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In Southern Italy four cultivars of high-pigment tomato hybrids and fourteen cultivars of 
cherry tomatoes were cultivated. There was also an analysis for the red-ripe fruits and 
their content in different classes of antioxidants and for the antioxidant activity. 
Important differences were found among the different cultivars between lycopene, α-
tocopherol, ß-carotene, vitamin C (ascorbic acid and dehydroascorbic acid) and the 
contents of total phenolic compounds and flavonoid. Lipophilic and hydrophilic 
antioxidant activities were both considerably influenced by genotype. The results 
showed an active unexploited variability in tomato germplasm, stressing the need to 
evaluate the biodiversity and to support conventional breeding programs to improve 
tomato nutritional value (Lenucci et al., 2006).  
The composition of ripe Brazilian tomato cultivar, Santa Cruz, was investigated in 1993 
by Tavares and Rodriguez-Amaya (1994). Cis-phytofluene, trans-ß-carotene, trans-δ-
carotene, trans-γ-carotene, cis-lycopene, trans-lycopene were quantitatively measured 
in μg/g. Cis-isomers of ß-carotene were not detected in the fresh tomato, but appeared in 
the processed products. The juice which received the mildest heat treatment included 
less 13-cis-ß-carotene than the puree and paste. In ketchup, the 13-cis-ß-carotene and 
the 9-cis-ß-carotene also were measured. Vitamin A value in retinol equivalent /100 g 
and the content of lycopene which also changed according to the level of process were 
published. The tomato paste, the most concentrated product, had higher vitamin A value 
and lycopene content, but lower levels than expected, indicating losses during the more 
drastic processing (Tavares and Rodriguez-Amaya, 1994). 
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2.3.1 Carotenoids (provitamin A) 
Carotenoids are compounds that participate in a number of physiological processes in 
plants and other organisms (Ronen et al., 1999; Shewmaker et al., 1999; Fraser et al., 
2001). Carotenoids are lipid-soluble and are concentrated in circulating lipoprotein and 
atherosclerotic plaques. In human, low density lipoproteins (LDLs) appear to be the 
main carrier of the serum carotenoids and most probably play a significant role in the 
transport of carotenoids from one organ to another (Cornwell, 1962 Chen and Kane, 
1974). 
 
 
 
Chemically, carotenoids are C40 isopropenoid compounds that are less reactive with 
peroxyl radical than -tocopherol but they might perform as moderate radical 
scavenging antioxidant, particularly in the lipophilic domain of the membranes with a 
low concentration of oxygen. Carotenoids and -tocopherol may also be possible to act 
co-operatively as an antioxidant in the membranes and lipoproteins (Tsuchihashi et al., 
1995). 
The peroxyl radical-trapping activity of -carotene and possibly other carotenoids, is 
dependent on the partial pressure of oxygen applied (Burton and Ingold, 1984). It is less 
efficient under conditions of air, but becomes a good peroxyl radical trap at the low PO2 
Figure ‎2-1 Carotenoid structures: β-carotene (top) and lycopene 
(bottom) present in many plants, especially in tomato 
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(Burton and Ingold, 1984 Stocker et al., 1987b) that prevails in biological tissues. At 
the very low PO2 or 4 torr, -carotene inhibited adriamycin-enhanced microsomal lipid 
peroxidation even more efficiently than -tocopherol, while the antioxidant protection 
observed with retinol did not show a dependency on oxygen concentrations (Vile and 
Winterbourn, 1988). A photoprotective mechanism of carotenoids in skin involving 
scavenging of singlet oxygen was suggested. Although clinical effectiveness of -
carotene in the treatment of Erythropoietic photoporphyria is suggested by several other 
case reports, no controlled trials have been performed till (Pollitt, 1975). 
Lycopene (the carotenoid available in high concentration in tomatoes and tomato 
products) has attracted significant attention while epidemiological evidence continues to 
propose that it may give protection against cancer and some other degenerative diseases. 
Although it serves as a good blood and tissue biomarker exclusively symptomatic of 
tomato product consumption, the range of other phytochemicals in tomato products 
should also be the focus of further study. Estimates of lycopene consumption do not 
necessarily provide an accurate measure of biological exposure. Studies of blood 
lycopene concentration and estimated lycopene intake may show correlation in the 
range of 0, 21-0, 47 suggesting that our ability to estimate biological effects of lycopene 
will require additional insight into bioavailability and metabolism based on carefully 
controlled clinical studies (Schwartz, 2006). 
All trans type of lycopene comprises 79-91% of total lycopene found in tomato-based 
products, while >50% of total lycopene found in serum and 80-90% found in tissues 
exist as cis-lycopene isomers. The process that manipulates isomer patterns, the 
potential biological end point that may be influenced by different isomers and the 
mechanism of inter-conversion are unexplored areas (Hadley et al., 2003) The 
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mechanisms explaining the in vivo isomerisation of all trans to cis-lycopene after 
consumption and the physiological relevance of cis isomers are not understood; 
however researchers (Boileau et al., 1999, Gartner et al., 1997) speculated that cis 
carotenoid isomers may be more available. The immature tomato fruit is usually green 
and accumulates β-carotene and xantophlls similarly to green leaf tissues (Hirschberg, 
2001), while the young watermelon fruit is usually without colour and contains only 
little amounts of carotenoids. Furthermore, carotenoid biosynthesis in tomato is ethylene 
enhance (climacteric fruit) whereas watermelon fruit is not climacteric.  
The genetic basis of fruit colour variation in tomato and its relationship with carotenoid 
composition have been well established (Hirschberg, 2001). Tadmoe et al. (2004) 
reported in a review, that the eating of tomatoes and tomato-based products and plasma 
levels of lycopene, a carotenoid found mainly in tomatoes, have been comparatively and 
consistently linked with a lower risk of the range of cancers, where verification is the 
strongest for cancers of a breast, pancreas, cervix, esophagus, colorentumm, and oral 
cavity. A large body of evidence also shows that other vegetables and fruits might have 
extra or corresponding benefits. The possibility that the relations between increased 
consumption of tomato and tomato-based products and lower risk for several cancer 
sites are supported by the consistency of evidence by study design (case-control, 
prospective, and ecologic) and by relevant consideration (plasma-based and dietary-
based) these results add additional support to current nutritional recommendations to 
increase the use of vegetables and fruits to reduce the risk of cancer. 
The benefits of tomatoes and tomato products are often credited to the carotenoid 
lycopene. On the other hand, a direct benefit of lycopene has not been established and 
other compounds in tomatoes or their interaction with lycopene might be significant. It 
is important to be aware of the fact that the existing proof concerning nutritional intake 
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and lycopene blood concentrations reflects the use of tomato and tomato products rather 
than purified lycopene supplements. Additional research on the pharmacology, 
bioavailability, and biology of this potentially important carotenoid is obviously 
justified. Until additional definitive data concerning precise benefits of purified forms of 
lycopene are obtainable, present recommendations have to give emphasis to the health 
benefits of diets rich in a range of vegetables and fruits, including tomatoes and tomato-
based products. 
Carotenoids are important for the pigmentation of flowers and fruits. They are also in 
flowers, essential for pollination mediated by insects, while in fruits they supply  
indicators of maturity that make fruits good-looking for human consumption (Arias et 
al., 2000). Tomato (Lycopersicon Esculentum Mill) varieties differ in fruit colour 
(yellow, orange and red) due to different the existence of structures or concentrations of 
carotenoids. In addition, plant scientists are modifying the carotenoid pathway in 
different plants to enhance their nutritional quality. However, the ability to affect human 
diets with nutrition through genetic modification has been limited by negative effects of 
increased carotenoid content on plant processes. 
2.3.1.1 Effect of technological factors on tomato carotenoids 
Tomatoes are either consumed fresh as salad ingredients, cooked or used in processed 
substances that are not essentially identified with tomato consumption. These 
substances include spaghetti sauce and tomato, tomato soup, ketchup tomato puree, 
tomato paste and salsa. Huge amounts of tomato are processed into concentrated paste 
that can be used as the initial material for other products such as tomato juice, puree and 
ketchup. The concentrated paste is often reprocessed after dilution to the desired level of 
total solids. 
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By the statistical evaluation of the level of the individual carotenoids in raw and stewed 
tomatoes Khachik et al. (1992) stated that concentration of carotenoids as a result of 
cooking remains unchanged. The same authors found that dehydration of tomatoes to 
tomato paste carried out at high temperature over an extended period under slight 
vacuum did not change the integrity of the carotenoids. Moreover, under those 
conditions the qualitative distribution of carotenoids in tomato paste remained identical 
to that of raw and stewed tomatoes. 
In a study by Tavares and Rodriguez-Amaya (1994), the amount of -carotene in 
tomato juice has been found to be half of that of the fresh tomato indicating possible 
loss during processing. The authors mentioned that lycopene and some other carotenoid 
had higher concentration in the processed juice. As a consequence of the heat treatment 
cis-form of some carotenoids appeared in the juice and, in greater concentrations, in the 
puree and paste. In the paste the cis-lycopene level varied and tended to be slightly 
higher than that of the puree leading to the suspicion that considerable loss of 
carotenoids occurred during processing, reflecting longer and more drastic processing, 
particularly in the concentration step.  
Tonucci et al. (1995) evaluated different tomato based products for their carotenoid 
composition and content. Due to differences in ingredients for the different products the 
authors found high values of coefficient of variation ranging from 38% to 56% for 
lycopene and carotenes. This variation was the reason why analysis of variance did not 
detect any significant differences between carotenoid values for some products. 
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2.3.2 Ascorbic acid (vitamin C) 
Vitamin C is the common name for ascorbic acid and dehydroascorbic acid (Figure 2.2).  
In several cases, this is of minor importance, while the dehydroascorbic acid 
concentration is often relatively low, less than 10% of the total ascorbic acid in the 
majority of fruit and vegetables (Wills, Wimalasiri and Greenfield, 1984). However, in 
processed or stored vegetables and fruit, the concentration of dehydroascorbic acid is 
frequently and significantly higher (Buescher, Howard and Dexter, 1999).  
In fresh vegetables a higher dehydroascorbic acid concentration in relation to ascorbic 
acid may also be found. This is probably connected to a high ascorbate oxidase activity, 
which directly transforms ascorbic acid into dehydroascorbic acid (Gil, Ferreres and 
Tomás-Barberan, 1998).  
Ascorbic acid activity of the two redox forms is considered to be related (Buescher, 
Howard and Dexter, 1999). Other studies show that ascorbic acid has a higher reducing 
capacity and antioxidative potential than dehydroascorbic acid (Davey et al., 2000). 
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Figure ‎2-2 Ascorbic acid structure (left) and dehydroascorbic acid structure (right) 
 
 
Ascorbic acid and dehydroascorbic acid are hydrophilic. The radical 
monodehydroascorbate is the primary oxidation product of ascorbic acid. This radical 
may be reduced back to ascorbic acid via monodehydroascorbate reductase, or two 
monodehydroascorbate molecules might impulsively form one ascorbic acid and one 
dehydroascorbic acid molecule. Dehydroascorbic acid may be permanently oxidised to 
2,3-diketogulonic acid if not reduced back to ascorbic acid, by the glutathione-
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dependent enzyme dehydroascorbate reductase (Davey et al., 2000). As an antioxidant, 
ascorbic acid participates in the scavenging of reactive oxygen species (Smirnoff, 
2000). 
Ascorbic acid has a complex multi-function that has led to much confusion in the 
literature as to whether it acts as a pro-oxidant, an antioxidant, a reducing agent or a 
metal chelator. A combination of these effects may prevail in many food applications. 
In aqueous media, ascorbic acid is a powerful pro-oxidant in the presence of metal ions. 
Metals reduced by ascorbic acid are in a catalytically more active state (Porter et al., 
1980). In the absence of metals, ascorbic acid acts as an antioxidant, particularly at 
higher concentrations (Cort, 1982). In non-aqueous media the antioxidant effects of 
esters and ascorbic acid are regarded as not pronounced (Porter et al., 1980). 
There is a large body of literature on the stability and oxidative degradation of ascorbic 
acid in foods (Tannenbaum, 1976 Gregory, 1985). Dehydroascorbic acid is formed as 
the initial product of oxidation and is biologically active as vitamin C. The mechanisms 
of degradation are mainly dependent on the effects of pH, metals, oxygen pressure, and 
water activity (Frenkel, 1989). In vivo and in vitro studies have shown amply a 
statistically significant effect of vitamin C in protecting lipids from oxidation (Simon, 
1992). Furthermore, it has been reported that people with low vitamin C levels have 
higher amounts of lipid peroxides in plasma than people with high vitamin levels 
(Hemila, 1992). 
The ability of ascorbic acid to give two hydrogen atoms makes it very effective as a 
reducing agent and bioantioxidant. Via this mechanism, it is converted to 
dehydroascorbic acid, which still has vitamin C activity owing to its ability to receive 
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oxygen species from the oxidised lipids. Immediately after oxidation dehydroascorbic 
acid undergoes rapid breakdown to ketones and aldehydes having no vitamin C activity.  
Accordingly, vitamin C may also affect cholesterol metabolism through the antioxidant 
effect. Ascorbyl palmitate and other esters are more useful as inhibitions in oils because 
they are more soluble than the free acid (Cort, 1982). 
Fruit and vegetables are the major sources of ascorbic acid. Good dietary sources 
include citrus fruits, berries, peppers and broccoli (USDA, 2005). 
2.3.3 Tocopherols (vitamin E) 
Tocopherols are the most commonly distributed antioxidants in nature and they include 
the main antioxidant in vegetable oils. The small amounts of tocopherols present in 
animal fats originate from vegetable components in the animal diet.  
In general, tocopherol homologues have antioxidant activity in the order of . 
However, the latter form has been found to be the biologically most effective 
component of vitamin E in human and animal organs (Fennema, 1985). Temperature 
and light significantly influence the relative activity of these compounds. At a relatively 
high amount of the tocopherols present in basic vegetable oils survive the oil processing 
steps and stay in sufficient quantities to give oxidative stability in the ending product. 
As antioxidants, tocopherols use their maximum effectiveness at comparatively low 
levels, around equal to their concentration in vegetable oils. If it is used at high 
concentration, they might in fact act as pro-oxidants. 
The importance of vitamin E for protecting the reliability of lipid structures (particularly 
membranes) in vivo is underscored by the binding that it is the only main lipid-soluble, 
chain breaking antioxidant that has been found in red tissues, cell and plasma, 
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(Cheeseman et al., 1984 1988). Because -tocopherol can compete for peroxy radicals 
much quicker than polyunsaturated fatty acids, a little quantity of -tocopherol is 
capable of protecting a large amount of polyunsaturated fat. Concentrations of -
tocopherol in biological membranes are roughly one part per 1000 lipid molecules 
(Burton et al., 1983). Demonstration of the efficiency of vitamin E in lessening the 
effects of lipid peroxidation in living system is rare and hard to get hold of. However, it 
has been reported that peroxidation of polyunsaturated fatty acids is reduced in humans 
supplemented with vitamin E (Lemoyne et al., 1987 1988). The authors used pentane in 
the breath as an index of the oxidation process. This powerfully suggests that vitamin E 
prevents the peroxidation of polyunsaturated fat in vivo. 
The contribution of -tocopherol as a prooxidant has been proposed recently (Bowry et 
al., 1992 1993 Ingold et al., 1993). That is, -tocopherol that resides at or near the 
surface of membrane reacts more rapidly with attacking aqueous radicals than the lipid 
to give -tocopheroxyl radical, which attacks lipid to give lipid radical to initiate the 
chain reaction. 
At high concentrations, -tocopherol is assumed to behave as a chain-carrier and 
enhance the efficiency of lipid radical formation. The overall potency of -tocopherol 
as an antioxidant or oxidant depends on the fate of -tocopheroxyl radicals. It is not 
clear, at present, how such a prooxidant action of -tocopherol is important in the 
membranes and lipoprotein in vivo where the vertical motion of -tocopherol is 
restricted and where the reductans may well react with -tocopheroxyl radical to 
generate -tocopherol (Niki, 1987 Niki et al., 1993 Burton et al., 1993).  
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2.3.4 Biological role of antioxidants 
In connection with a variety of pathological events and disease such as cancer and heart 
diseases, lipid oxidation has aroused great attention lately. It has become evident that an 
oxidised lipid promotes cancer onset in the human body (Gey and Puska, 1989 Gerster, 
1991 Simon, 1992 Garewal, 1995). The role antioxidant vitamins play in the 
prevention of cancer has been researched throughout the world for well over a decade 
(Albanes et al., 1995 Hennekens et al., 1995). It has been postulated that the oxidation 
damage to DNA, proteins and other macromolecules has caused the degenerative 
disease (Ames et al., 1993). Originating from the observations of lower risk of cancer in 
persons consuming more fruits and vegetables, prevention of cancer in human body has 
been demonstrated to be dependent on the antioxidation potency in the different organs 
(Ziegler, 1989 Steinmetz and Plotter, 1991 Block, 1992). Most recently, carotenoids 
have been found to have cancer preventive metabolites; therefore, current research work 
is being focused on them. 
More than 100 observational epidemiological studies have shown the association of 
cancer risk and dietary antioxidant intake or blood nutrient levels. These studies are not 
completely dependable but they provide support for the theory that the intake of 
antioxidant vitamin may reduce the risk of cancer. On the other hand, the main 
restriction of these studies is their incapability to control all factors linked to the intake 
of vitamin which may affect the risk of cancer. These unmeasured or unidentified 
conflicting variables could report for all or part of any experimental relations. Therefore 
definite data on cancer and the role of antioxidant vitamins can originate only from 
correctly conducted large-scale randomised trials of enough sample size, duration and 
dose of treatment and follow-up beyond the next years where these trials have to give 
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obvious evidence about the function of antioxidant vitamins in the avoidance of cancer. 
Such data are essential for individual clinical decision making and the rational public 
health policy (Hennekens, 1994). 
Data available on this topic implied that effectiveness of every one of these antioxidants 
depends upon their ability to interfere with the free radical cycle through which 
oxidation process occurs in the whole biological system (Bruckdorfer, 1990 Sies, 
1991). 
It has been hypothesised that dietary antioxidants such as vitamin C and -carotene 
reduce the risk of many cancers by inhibiting the formation of carcinogenic 
nitrosamines and scavenging and quenching reactive oxygen species. By this 
mechanism they can protect DNA from oxidation damages and enhance immune 
function (Byers and Perry, 1992 Block et al., 1992 Halliwell, 1994). It is known that 
ascorbic acid and -tocopherol are two of the most effective in-vivo antioxidants 
(Bendich and Olson, 1989 Krinsky, 1989). 
It has been reported that a diet higher in vitamin C by the amount in one or two oranges 
per day, and higher in -carotene by the amount in one or two carrots per day, was 
associated with a 31% lower risk of health during 24 years of follows-up in a cohort of 
employed, middle-aged men (Pandey et al., 2002).  
Synergism is the process by which the antioxidant effect of multi-component systems is 
reinforced. It is usually observed when chain-breaking antioxidants are used together 
with preventive antioxidants or peroxide destroyers because they suppress both 
initiation and propagation. The admixture of free radical acceptors and reducing agents 
causes synergism by the regeneration and recycling of the antioxidant (Ingold, 1961). 
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2.4 Sugars 
One of the most important qualities of fruit is sweetness for consumers. Fruit sweetness 
is closely correlated with sugar accumulation in fruit during its development. The sugar 
accumulation in fruit may also contribute to fruit enlargement through osmotic potential 
of sugar in fruit cells. Therefore, sugar biosynthesis in fruit for accumulation is very 
important for improving fruit quality.    
The organoleptic quality of fresh market tomato (Lycopersicon Esculentum Mill) is 
affected by fruit appearance, flavour (taste and aroma) (Shewfelt, 1993) and texture 
(Causse et al., 2001; Vickens, 1977). Although the perception of flavour is influenced 
by many factors, taste (sweetness, sourness) is one of its most important components 
and it is determined basically by sugars and acids (Kader et al., 1977; Malundo et al., 
1995; Stevens et al., 1977a; Stevens et al., 1977b). Sugars in L. Esculentum are mostly 
comprised of fructose and glucose with trace amounts of sucrose (Davies and Hobson, 
1981; Stevens, 1972; and Petro-Turza, 1987). They showed that the sweet taste of 
tomato was attributed to reducing sugars. Glucose and fructose are found in almost 
equal quantities in tomato fruit with fructose being a little higher, while sucrose usually 
does not exceed 0.1% (Davies and Hobson, 1981; Davies and Kempton, 1975; Petro-
Turza, 1987). It has also been shown that fructose is twice as sweet as glucose (Stevens 
et al., 1977a) and it could be expected that modification of the fructose to glucose ratio 
without changing the overall sugar level could give rise to sweeter fruits with better 
flavour. However, other species like L. Chmielewskii (Chetelat et al., 1995; Hadas et 
al., 1995; Schaffer et al., 1998) accumulate sucrose instead of reducing sugars. 
Sugars are very important components in tomatoes and other fruits, and they have a 
large inﬂuence on taste.  In tomato fruit (Lycopersicon Esculentum), 95% of the sugars 
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present are in the form of fructose and glucose (Davies and Kempton, 1975; Haila et al., 
1992; Young et al., 1993; Herrmann, 1998), although sucrose is sometimes detected in 
low amounts (Davies and Kempton, 1975; Haila et al., 1992; Herrmann, 1998). Traces 
of the sugar alcohol myo-inositol can also be found (Davies and Kempton 1975; 
Herrmann, 1998). During tomato ripening from green to red, the amount of glucose and 
fructose increases, whereas the malate content decreases signiﬁcantly (Picha, 1987; 
Herrmann, 1998). 
2.5 Postharvest factors 
Postharvest storage conditions might have a large impact on the bioactive compounds. 
Ascorbic acid quickly decreases during storage in several fruits and vegetables 
commodities, while carotenoids and flavonoids show to be more stable (Kalt, 2005). 
Temperature management is essential for maintaining the quality of postharvested fruits 
and vegetables, both in conditions of appearance and biochemical composition. A lower 
temperature decreases metabolic rates and reduces deterioration. Nevertheless, a 
temperature that is too low can cause chilling or freezing injury to the produce (Wills et 
al., 1998). The period of storage is of course also of importance, because the 
concentrations change over time. Light conditions through storage usually affect 
concentrations of these compounds as well, in different ways. Photosynthesis can be 
supported in light-stored leaves, and light storage can also increase ascorbic acid 
synthesis (Toledo et al., 2003). Carotenoids, on the other hand, may be reduced to a 
higher amount in vegetables stored in light (Kopas-Lane and Warthesen, 1995).  Cutting 
and bruising, as processing, can also change the concentrations (Yadav and Sehgal, 
1995; DuPont et al., 2000). In addition, maintaining appropriate relative humidity and 
atmosphere during storage might extend the shelf life and decrease losses of bioactive 
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compounds. While being positive above, storage not only affects the concentration of 
these compounds, but their concentration may also affect storability. 
2.6 Controlled atmosphere (CA) storage 
CA storage is one of the techniques used to maintain the quality of fresh commodities in 
post harvest handling. The effect of CA on the ripening of fruits was determined in the 
early 1800s by Jacques Berard, a chemist at Montpellier Institute in France. Then 
several further studies were conducted in the United States to research the effects of 
atmosphere on the ripening of fruits (Salunkhe et al., 1991). The scientific beginning of 
controlled and modified atmosphere storage was in England by Kidd and West in the 
1920s (Ryall and Lipton, 1979). Since its beginning, the literatures of studies on 
controlled atmosphere storage have grown extremely. Controlled atmosphere storage is 
able to be defined as the storage of a fresh product under an atmosphere that is different 
in air composition (about 78% N2, 21% O2, and 0.03% CO2); in general, O2 below 8% 
and CO2 over 1% are used. CA change should be considered as increasing the 
maintenance of optimum ranges of temperature and relative humidity (RH) for each 
commodity in the maintenance of safety and quality of fresh commodities, and their 
products during post harvest handling (Kader, 1986 and Shewfelt, 1986). 
The beneficial tool for controlled atmosphere (CA) storage is extending the post harvest 
life of fresh fruits and vegetables. Specific acceptance levels to gas composition must be 
determined in order to apply these techniques (Brecht, 1980). 
The main effects of CA are to reduce ethylene production and respiration rate; resulting 
in delayed ripening or senescence, reduced weight loss, and extended shelf life (Kader 
et al., 1989 and Weichmann, 1986). The CO2 used in CA also competitively inhibits 
ethylene action (Burg and Thimann, 1959). According to Salunkhe et al. (1991) several 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
29 
studies were conducted in the United States to investigate the effects of the atmosphere 
on the ripening of fruits. Skog and Chu (2001) have evaluated the use of ozone in cold 
CA storage for shelf life extension of various commodities. Adding ozone to the air of 
the indoor storage room will, in fact, reduce the level of C2H4. An interesting 
application of this technology is the storage of mixed loads of C2H4 producing and C2H4 
sensitive products. Acceptance of each specific commodity to ozone (duration and 
concentration of treatment) must clearly be assessed before commercial applications are 
implemented (Fonseca and Malcata, 2003). 
2.6.1 Effects of CA on post harvest biology and physiology of fruits and 
vegetables 
The change from aerobic to anaerobic respiration depends on fruit ripeness and stage of 
ripeness (gas diffusion characteristics), temperature, and duration of exposure to stress, 
the concentrations of O2 and/or CO2. Up to a point, fruits and vegetables are capable of 
improving from the damaging effects of low O2 and/or high CO2 stresses (fermentative 
metabolism) and continue normal respiratory metabolism upon exposure to air. Plant 
tissues have the capability for improvement from the stresses caused by short exposure 
to atmospheres.  Post climacteric fruits have a lesser amount of tolerant and have a 
lower ability for improvement following exposure to reduced O2and/or high CO2 levels 
than pre climacteric fruits. The speed and extent of improvement depend upon levels 
and duration of stresses, and basic, metabolically determined cellular restore.  
Ethylene achievement is inhibited by elevated CO2 atmospheres. Most select 
atmospheric compositions delay chlorophyll loss (green colour), biosynthesis of 
carotenoids (yellow and orange colours) and anthocyanins (red and blue colours), and 
biosynthesis and oxidation of phenolic compounds (brown colour). CA slows down the 
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activity of cell wall degrading enzymes involved in softening and enzymes involved 
chiefly in toughening vegetables. Low O2 and/or high CO2 atmospheres have an effect 
on flavour by reducing loss of acidity, and starch to sugar conversion, and biosynthesis 
of flavour volatiles. While fruits and vegetables are kept in an optimum atmosphere, 
ascorbic acid and other vitamins of maintenance grades in better nutritional quality. 
Severe CA condition reduces cytoplasm pH and decreased lactate dehydrogenase, 
where alcohol dehydrogenese are activated. This causes accumulation of ethanol, 
acetaldehyde, lactate, and/or ethyl acetate, which might be injurious to the commodities 
if they are exposed to CA conditions more than their acceptance.  
Particular responses to CA depend upon cultivar, maturity and stage of ripeness, storage 
temperature and period, and concentrations of ethylene. Nitrogen (N2) is one of CA 
components. Replacing N2 with helium or argon might raise diffusion of O2, CO2 and 
C2H4; however they have no straight effect on plant tissues and are extra costly than N2 
as a CA component (Kader, 1986). 
Water loss by transpiration is a major cause of product deterioration during post harvest 
activities (including storage); therefore, this causes losses in quantity of appearance 
(wilting), textural quality (softening)   and nutritional quality.  
Ripening and /or senescence induce many changes in harvested fruits and vegetables 
(Kader, 1992). Ethylene production and respiration effects on deterioration of fruits and 
vegetables and reduction of these processes by technologies such as storage and cooling 
enable the post harvest life of fresh produce to be prolonged (Dell et al., 2002).  
2.6.2 Factors that reduce horticultural post harvest deterioration 
Post harvest deterioration can be controlled by primary and secondary factors. 
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The primary factors to optimize preservation of a horticultural commodity (Kader et al., 
1989) are as follows:  
 Selection of varieties of the crop that meet postharvest and storage requirements 
based on their characteristic composition. The crops with high sugar content, such as 
sweetcorn, increase the tolerance for diverse postharvest conditions and hence extend 
the postharvest life of the crop (Spalding et al., 1978). 
 Application of the ideal preharvest treatments ensures high postharvest quality and 
long shelf life. It has been proven that preharvest factors have a great impact on 
postharvest quality (Kays, 1999). For example, use of the optimum nitrogen and sulfur 
fertilization rates increased the flavour quality in harvested sweetcorn due to increased 
dimethyl sulfide in the kernels (Wong et al., 1994). 
 Harvesting at the optimum maturity stage. The early work by Rumpf et al. (1972) 
demonstrated that the highest levels of sugars were found when the cobs were harvested 
at the optimum degree of maturity. 
 Minimizing mechanical injuries during harvesting and postharvest handling. 
 Using proper sanitation procedures to reduce microbial infection. 
The secondary factors to optimize the preservation of fruits and vegetables post harvest 
as mentioned above also include using CA storage, by reducing the respiration rate by 
controlling temperature, relative humidity, O2 and CO2 levels in the storage 
environment. The correct temperature and gas concentrations can extend the storage life 
of many fruits by 40 to 60% without sustaining a loss in quality (Combrink, 1996). The 
most important postharvest factors are temperature, relative humidity, water loss and 
atmospheric gas composition.  
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 Temperature: The temperature directly affects the respiration rate of product. The 
low cooling at 0
o
C and 14
o
C is important in slowing down the biological and 
physiological processes involved in ripening and senescence (Vigneault et al., 2001). 
 Relative humidity and Water Loss:  Relative Humidity directly affects the reduction 
of the sugar/starch relationship and water loss (Vigneault, 2003). Water loss by 
transpiration is a major cause of produce deterioration during postharvest activities 
(including storage). Accordingly it causes losses in direct quantity of appearance 
(wilting and shrivelling), textural quality (softening and flaccidity) and nutritional 
quality (Kader, 1992). 
 Gas Composition: The main purpose of controlling the atmospheric gas composition 
around a fresh product is to reduce the respiration rate, thus slowing senescence 
(Vigneault, 2003). Respiration and ethylene production affect deterioration of fruits and 
vegetables, and reduction of these processes via technologies such as storage and 
cooling enables the postharvest life of fresh produce to be prolonged (Dell et al., 2002).  
2.6.3 Gases used in controlled atmosphere storage 
N2, O2 and CO2, are generally used in CA storage (Parry, 1993; Phillips, 1996). Other 
gases such as nitric oxides and ethylene, sulphur dioxide, nitrous, chlorine (Philips, 
1996), also ozone and propylene oxide (Parry, 1993) have been suggested and 
investigated experimentally. Kader (1980) and Kader et al. (1989) observed a wide 
range of benefits by CA such as reduced respiration rate, which results in delayed 
ripening and senescence and better maintenance of the quality of the commodity. This 
also reduces ethylene production and reduces sensitivity to ethylene (action) and this 
has several beneficial effects such as delaying fruit ripening and tissue senescence, 
delay of chlorophyll degradation, and maintenance of textural quality. 
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2.6.3.1 Oxygen 
Reducing the respiration rate by limiting O2 prolongs the shelf life of vegetables and 
fruits by delaying the oxidative going down the complex substrates. O2 concentrations 
below 8% decrease the ethylene production, a key component of ripening process. 
Nevertheless, at very low O2 levels (< 1%), anaerobic respiration may occur, resulting 
in tissue damage and the production of substances that give  off-flavours and off-odours 
(Lee et al., 1995 and Zagory, 1995), O2 concentration (1-5%) reduces the respiration 
rates of vegetables and fruits (Lee et al., 1995). 
2.6.3.2 Nitrogen 
Nitrogen is used as displacement of O2 to delay oxidation, prevention of the growth of 
aerobic spoilage organisms and act as a stuffing to maintain package conformity (Parry, 
1993). 
2.6.3.3 Carbon dioxide 
Significant and direct antimicrobial activity of carbon dioxide has been summarized by 
Farber (1991), namely straight inhibition of enzymes; penetration of bacterial 
membranes chiefly to intra cellular pH changes; cell membrane change functions 
including effects on nutrient uptake and absorption and -
chemical properties of proteins. CO2 inhibitory action has differential effects on 
microorganisms.  While aerobic bacteria, such as pseudomonads, are inhibited by 
reasonable levels of CO2 (10-20%), microorganisms, such as lactic acid bacteria, can be 
activated by CO2 (Carlin et al., 1989 and Amanatidou et al., 1999).  
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2.7 Ozone treatment in food industry and agriculture 
Interest in ozone applications in food processing and agriculture has improved in recent 
years (EPRI Expert Panel, 1997). Ozone was generally recognized as a safe substance 
by the U.S. Food and Drug Administration (FDA) in 2001, subsequent to the 
submission of a Food Additive Petition which limited the safety and usefulness data. 
Later, the USDA agreed its use on meats and on certified organic foods. In the mid- 
1990s, ozone was allowed for use in food processing in France, Australia and Japan.  
Ozone has a long history as a water disinfectant. Ozone aspect use has reviewed the 
disinfection of water applications (Nickols and Varas 1992; White, 1999; Rice, 1999); 
sanitation and food safety (Graham et al., 1997; Kim, et al., 1999), responses of 
horticultural products to ozone (Forney, 2003); chemistry of ozone (Razumovski and 
Zaikov, 1984), and the convenient aspects of the design and operation of ozonators 
(Rice and Netzer 1984).  
While the U.S. Food and Drug Administration did not follow all the expert panel’s 
recommendations, ozone has now been accepted for use as a sanitizer or disinfectant in 
foods and food processing in the United States (USDA, 1997). Late into the 20th 
century, ozone had been tested for the preservation of food and food ingredients such as 
milk, meat products, gelatine, casein, and albumin. Hill and Rice (1982) noted that 
ozone was applied for the purification and artificial aging of alcoholic beverages 
including wine and spirits, disinfection of brewing and cider manufacturing practices 
and odour control. However, most known applications dealt with treatment of drinking 
water (Bryant et al., 1992) and municipal and industrial waste water (Stover and Jarnis, 
1981). 
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Applications of ozone in food industry are mainly related to decomposition of product 
surface and water treatment. Ozone has been used by achievement to inactivate the 
contaminant micro flora on meat, fish, poultry, eggs, vegetables and fruits and dry 
foods. Also it is helpful in detoxification and removal of pesticide residues from several 
agricultural products. Excessive use of ozone might cause oxidation of several 
ingredients on food surface. This generally results in deterioration of food flavour and 
discoloration (Yousef et al., 1999). The Code of Federal Regulations (USDA, 1997), 
requires at least 60% reduction in total microorganisms and similar reduction in coli 
forms, Salmonella and E.coli. Fruits and vegetables ozone treatment have been used to 
increase shelf life (Norton et al., 1968; Rice et al., 1982).  
Several patents for preservation of fruits and vegetables by ozone technology are 
currently available. Cantelli (1988) developed a method based on holding the produce in 
a sealed container while maintaining an electrical discharge that forms ozone and 
nitrogen oxides, at concentrations of 0.05 ppm and 0.5 ppm respectively. Karg (1990) 
obtained a patent for sterilization of heavily contaminated foods such as herbs, spices, 
fruits and vegetables by ozone treatment. His process comprises an initial conditioning 
phase, treatment with gas mixture containing ozone, and elimination of residual ozone. 
Mitsuda et al. (1991) patented a method to sterilize foods such as fish, fruits, vegetables 
and beef in a processing room, packing receptacles, or a refrigerator using a gas mixture 
that includes O3, CO2 and/or N2. Ozone is a powerful antimicrobial agent. Also has 
natural decomposition to a non-toxic product (as, O2) ozone is a possible disinfectant for 
ensuring the microbial safety for food products. Ozone gaseous or aqueous phases are 
effective against common microorganisms (Yousef et al., 1999). The bactericidal effects 
of ozone have been recognized on a wide type of organisms, including Gram-negative 
and Gram positive bacteria (Yousef et al., 1999). Comparatively low ozone 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
36 
concentrations and short contact period are enough to inactivate bacteria, yeasts, 
moulds, parasites and viruses. 
Nevertheless, rates of inactivation are better in ozone-demand free systems than when 
the medium contains oxidizable organic substances, pH of the medium, humidity,  
temperature and presence of additives (e.g., acids and sugars). There are many 
advantages of using ozone as a strong antimicrobial agent in food and other industries. 
It is potentially helpful in decreasing the microbial load and the level of toxic organic 
compounds. Ozone converts many non biodegradable organic materials into 
biodegradable forms. The molecule decomposes spontaneously to oxygen; thus, using 
ozone minimizes the accumulation of inorganic waste in the environment (Horvath et 
al., 1985). In the US, ozonated water is in use in many fruit packing facilities to 
disinfect produce, reduce the multiplication of pathogens and sanitize dump tanks, 
flumes, and the surfaces of packing equipment (Hampson and Fiori, 1997).  Ozone is 
also under scrutiny as a potential replacement for methyl bromide; a much-used soil 
treatment agent (Pryor, 1999; Strong and Amrhein, 2002; Leesch and Tabbets, 2005). 
2.7.1 Application of ozone in fresh products 
Gaseous ozone application has increased considerably in the last 5-10 years. The 
responses of horticultural products to ozone have been reviewed (Skog and Chu, 2001 
Fomey, 2003 and Skog et al., 2004). Benefits can include disease suppression on fruit, 
sanitation and removal of ethylene from the storage atmosphere (Smilanick, 2003). 
Adding ozone to the storage atmosphere can improve storage effectiveness by adding 
treatments such as 1-methylcyclopropene (1-MCP), antioxidants and ethanol vapour, to 
the storage atmosphere (Ekman et al., 2005). 
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Ozone in the gas phase is a powerful oxidant. As a disinfectant the likely benefits of 
adding ozone to air in storage rooms comprise control of post harvest diseases on fruit, 
sanitation of surfaces, and ethylene removal. Both benefit and lack of advantage of 
ozone in air used in vegetable and fruit storage rooms have been reviewed by Forney 
(2003). Recent improvements in ozone technology and changes in legislation have 
facilitated the introduction of ozone for various food applications in the US 
(Washington, 1948; Graham et al., 1997; Cena, 1998). Exposure of fresh produce to 
high levels of ozone for short periods has been shown to reduce bacterial infection and 
extend the 'shelf-life' of products such as tomatoes, peppers and parsley by as much as 2 
days (Kashiwagi et al., 1987; Evans, 1999). 
Ozone might be an excellent choice of sanitizer compared to chlorine for fresh fruits 
and vegetables as surface sanitation (Han et al., 2002; Yousef et al., 1999). 
Ozone treatment in apples resulted in lower weight loss and spoilage (Bazarova, 1982). 
Ozone increased the shelf life of apples and oranges which have been attributed to the 
oxidation of ethylene and to the removal of other metabolic products (Horvath et al., 
1985). However, inactivation of spoilage microorganisms on fruits, without a doubt, 
contributed to this shelf life extension. Deterioration of fungal blackberries and grapes 
was decreased by ozonation (Beuchat, 1992; Barth et al., 1995; Sarig et al., 1996). 
In vegetables, the advances of ozone were similar to those experienced in fruit 
processing. Ozone has been used to treat onions during storage. Bacterial counts and 
Mold were significantly decreased without change in chemical composition and sensory 
quality (Song et al., 2000). Shredded lettuce washed in water bubbled with ozone gas 
had reduced bacterial content (Yousef et al., 1999). Ozone has been used for ethylene 
oxide for the decontamination of whole black peppercorns and ground black pepper 
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resulted in slight oxidation of volatile oil constituents but ozone had no significant 
effect on the volatile oils of whole peppercorns. Because ozonation effectively reduced 
microbial loads and did not cause significant oxidation of the volatile oils in whole 
black peppercorns, this method was recommended for industrial treatment of the spice 
(Zhao and Cranston, 1995). Carrots have been treated with gaseous ozone and 50% 
decrease in daily growth rates of fungi was reported (Liew and Prange, 1994). Previous 
experimentation has recognized ozonated water to be an effective element of 
decontaminating lettuce (Kim et al., 1999), carrots (Williams et al., 1995), table grapes 
(Sarig et al., 1996) and Chinese cabbage (Kondo et al., 1989). Studies conducted on 
pears (Spotts and Cervantes, 1992) and tomatoes (Ogawa et al., 1990) resulted in 
corresponding depressions in fungal pathogen counts as traditional chlorine-based 
disinfection treatments. 
Ozone can also stimulate production of natural defence compounds (Sarig et al., 1996 
and Song, 2003) thereby potentially having residual effects on disease suppression. 
Other compounds, such as aroma volatiles and ascorbic acid, may be either increased 
(Perez et al., 1999) or decreased (Enshina and Voitik, 1989). 
Ozone low concentration (0.3 to 1.0 ppm) effect on other fruit has been reported 
(Harding, 1968; Palou et al., 2002; 2003). The rapid reaction of ethylene with ozone in 
air is a well-documented occurrence (Dickson et al., 1992), and for the commodities that 
benefit by ethylene removal, ozone might be, assuming the fruits are not injured by the 
gas. Skog and Chu (2001) showed that ozone could successfully prevent ethylene 
accumulation in apple and pear storage rooms at 0.4 ppm. Mushrooms, apples, pears, 
broccoli and cucumbers tolerated this low concentration without injury. While 
published studies documenting the benefit of removal of ethylene from citrus fruit are 
few (Wild et al., 1976) as reducing ethylene to very low levels during citrus fruit storage 
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results in less decay and exiting storage life (Jin et al., 1989). Garcia and coworkers 
(1998) reported that storage of three navel orange and two mandarin varieties at 5 
o
C in 
0.1 ppm (mL/L) ozone did not affect the quality particularly the soluble solids content, 
pH and titratable acidity during storage. Colour development was delayed among fruits 
stored in the ozone atmosphere.  
Fournaud and Lauret (1972) found discoloration and undesirable odours in ozone-
treated meat. Ozone also changes the surface colour of several fruits and vegetables 
such as peaches (Bediani et al., 1996), carrots (Liew and Prange, 1994) and broccoli 
florets (Lewis et al., 1996). Studies showed that ozone decreased ascorbic acid in 
broccoli florets (Zhuang et al., 1996) and thiamin content in wheat flour (Naitoh et al., 
1989). Ozone had a harmful effect on the sensory quality of other commodities such as 
grains (Naitoh et al., 1988), ground spices (Zagon et al., 1992), milk powder (Ipsen, 
1989) and fish cake (Chen et al., 1987) due to the lipid oxidation. However, other 
researches reported that, ozone treatment improved the sensory quality in beef and eggs 
(Bailey et al., 1996; Dondo et al., 1992) and did not alter the sensory quality of some 
fruits and vegetables significantly (Baranovskaya et al., 1979; Kute et al., 1995; Lewis 
et al., 1996). 
2.7.2 Ozone generation 
The corona discharge method has been used most widely to produce large amounts of 
ozone while a high voltage current is applied across a discharge gap in the air presence 
of oxygen; it excites oxygen electrons and thus induces splitting of oxygen molecules. 
Atoms from oxygen combine with other oxygen molecules to form ozone, O3. Ozone 
production varies depending on voltage, current frequency, dielectric material property 
and thickness, discharge gap, and absolute pressure within the discharge gap.  
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To optimize ozone production, an efficient heat removal system is essential. Dried air is 
passed through a high-voltage current along the discharge gap, thus, converting oxygen 
into ozone at concentrations up to 4% by weight. The use of pure oxygen is 
recommended over dried air to maximize the yield of ozone (Rosen, 1972). When air is 
passed through the generator, 1-3% ozone is able to be produced; nevertheless, using 
pure oxygen allows yields to arrive at up 6% ozone (Rice et al., 1981). Ozone gas 
cannot be stored since ozone impulsively degrades back to the oxygen molecule 
(Kogelschatz, 1988; Wickramanayaka, 1991; Coke, 1993). 
2.7.3 Standards limit for ozone exposure 
The current allowed Exposure Level - Time Weighted Average (PEL-TWA) for ozone 
exposure in the workplace environment is 0.1 ppm which was recommended by the 
American Conference of Governmental Industrial Hygienists (ACGIH, 1986) and 
Occupational Safety and Health Administration (OSHA). Healthy, susceptible 
individuals are able to be exposed continuously to ozone during an 8 hour day / 40 hour 
Figure ‎2-3 Ozone corona discharge        
generation 
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per week without adverse effects. Also allowed Exposure Limit - Short Term Exposure 
Limit (PEL-STEL) is 0.3 ppm. This is the level to which healthy individuals are able to 
be exposed. Exposures at the PELSTEL must not be longer than 15 minutes and not 
repeated more than 4 times per day. There should be at least 1 hour between exposures 
at the PEL-STEL (Pryor and Rice, 2000). 
2.7.4 Health and safety  
Toxicity in gaseous ozone varies with concentration doses and exposure time 
(Langerwerf, 1963). The symptoms from exposure to 0.1-1 ppm ozone are throat 
dryness, headache, pain of the respiratory passages, and burning of the eyes Lewis 
(1993). 
Ozone is the gaseous oxidant of selection. This is due to the properties of ozone or its 
manufacture (Pryor, 1990).  
2.8 Impact of radiation on tomato ripening 
Wide-ranging research has been conducted in the application of irradiation to extend the 
shelf life of fresh commodities in post harvest handling. The results have been 
summarised in some reviews such as those of Maxie and Abdel-Kader (1966). As stated 
by Akamine and Moy (1983), the effect of radiation on the physiological order in fruits 
depends upon the type of respiration climacteric or non-climacteric. A delay in 
postharvest ripening can occur only in a climacteric fruits which ripen normally after 
harvest. It does not occur in a non-climacteric fruit because upon harvest, it does not 
undergo normal physiological and biochemical processes associated with quality 
improvement as the fruit ripeness. 
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Not all climacteric fruits respond to irradiation in the same way. For this reason each 
kind of fruit and, in some cases a particular variety, needs to be considered on an 
individual basis. Important to the nature of the response to irradiation also is the 
physiological stage of the fruit, particularly with reference to the climacteric phase. 
Application of irradiation after the start of the climacteric respiration increase generally 
is ineffective in influencing the ripening process effects upon the end result (Urbain, 
1986).The respiration and ethylene production of fruits, and electrolyte leakage increase 
after irradiation (Josephson and Peterson, 1983 Thomas, 1986 Urbain, 1986). Special 
attention was paid to the structural and chemical changes of mitochondria and 
membrane. Earlier results proved, that the mitochondria react to irradiation with a 
temporarily promoted activity of biological processes (Padwal-Desai et al., 1969) 
followed by a remarkable increase in resistance to irradiation and/or capacity for 
radiation repair. 
Lee et al. (1971) also investigated the increase in respiration activity immediately after 
irradiation. They studied the effect of treatment on the metabolism of 14C labelled 
organic acids in the tricarboxylic acid (TCA) cycle by infiltrating the disks of pericarp 
tissue of tomatoes of various stages of development with the labelled respiratory 
intermediates. Metabolism of the organic acids was increased, but it was not affected by 
the difference in the developmental stage of the fruit. They concluded that the increase 
in respiration and metabolism of the organic acids in the TCA cycle could be explained 
by an increase in mitochondrial membrane permeability or a partial loss of respiratory 
control. The apparent recovery from the damage to these processes was reflected in the 
restoration of the normal function of the mitochondria. The independence of respiration 
and metabolism of the respiratory substrates from the physiological age of the fruit 
suggested that the delay in the ripening of older irradiated fruit was a result of partially 
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irreversible damage to some system controlling the ripening process and was not 
directly related to respiratory metabolism (Josephson and Peterson, 1983). 
Abdel-Kader et al. (1968, a, b, c) conducted physiological investigation on the effects of 
irradiation on tomato fruits. In their series of experiments on respiration and C2H4 
production, Abdel-Kader et al. (1968a) found that gamma irradiation induced an 
immediate stimulation of respiration with its magnitude and duration of response 
increasing with dose. Whereas doses less than 500 krad stimulated C2H4 production, 
600 krad or more depressed it. Increase in C2H4 production did not cause an increase in 
the ripening rate. The inhibition of colour development by irradiation was less with 
advanced fruit maturity at the time of treatment. The colour development in mature 
green fruits irradiated at 500 krad or more was very abnormal and the fruits never 
attained table ripeness. The colour development in pink fruits subjected to 600 krad or 
more failed to reach table ripeness. 
The physiological nature of radiation damage and recovery was investigated by Lee et 
al. (1968, 1971) and McGlasson and Lee (1971). In tomatoes of four stages of 
development irradiated at 200 and 400 krad, Lee et al. (1968) recorded increases in 
respiration and C2H4 production immediately after irradiation, but 3 to 6 days after 
irradiation, these physiological processes decreased to the levels of pre-climacteric 
control fruits. There was pronounced softening immediately after irradiation, but less 
mature fruits regained practically all of their original firmness within 4 days. These 
observations suggested that immature (comparable to mature green stage used by other 
investigators) tomatoes could recover from or repair damage caused by irradiation doses 
up to 400 krad and could thus pass through normal climacteric rise in respiration. But 
C2H4 evolution and pigment production associated with the climacteric was abnormal. 
Lee et al. (1968) speculated that it was likely that ionising radiation damaged some 
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other components of the ripening process, possibly those involved in the action of C2H4 
for ripening. 
From the above, it is clearly seen that the effects of irradiation on tolerance, as 
measured in terms of surface (pigment development and firmness) and internal (colour, 
flavour, aroma, texture, ascorbic acid, and soluble solids) effects, on delay in ripening 
and/or senescence (shelf-life extension), and on disease control in tomatoes, depend on 
irradiation dose and fruit maturity. The nature of delayed ripening has been elucidated 
by physiological investigations involving respiration, metabolism of respiratory 
substrates, and C2H4 evolution. 
2.9 Analysis of components 
2.9.1 Analysis of carotenoids 
Many analytical procedures have been proposed for the analysis of carotenoids. A long 
time determination of the pigment concentration is based on colorimetric photometric 
and spectrophotometric measurements (Benedek, 1958) of the total carotenoid content 
(Bauerfeind, 1981 Lichtenthaler et al., 1987). Recently, chromatography (Taylor, 1983 
Tee and Lim, 1991 Khachik et al., 1991) and more recently supercritical fluid 
chromatography (SFC) (Schmitz et al., 1989) have been applied to a wide extent in 
carotenoid analysis. 
Separation of the single carotenoids has been achieved by thin-layer chromatography 
(Vinkler and Richter, 1972; Daood et al., 1987). The pigment components present in the 
fruit as fatty acid esters were released by saponification with 5% alcoholic KOH. The 
individual components were scrapped of the TLC plate and eluted with methanol. The 
final volume was made up and the extinction values were read by spectrophotometer. 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
45 
The identification and quantification determination of the pigment components was 
performed by means of calibration curves of standard preparations.  
Open column chromatography has been applied by Tavares and Rodriguez-Amaya 
(1994) to fractionate the carotenoids extract of tomato into cis-phytofluene, trans-β-
carotene, trans-δ-carotene, trans-γ-carotene, cis-lycopene, trans-lycopene from fresh 
tomato in addition to cis-β-carotene from processed products. 
Over pressure thin-layer chromatography (OPTLC) has been found by Aczél (1988) to 
product a more selective separation of the carotenoids and thus to allow their 
supplementary exact evaluation than it was possible by traditional layer 
chromatography. Diversity of carotenoid extracts from higher plants increases when 
OH-containing xanthophylls esterify with fatty acids to produce a large number of 
carotenoid esters differing in molecular species of fatty acid moiety. To simplify 
chromatograms of the HPLC separation, many authors saponified carotenoid extracts to 
remove fatty acids (Matus et al., 1981 Baranyai et al., 1982 Chandler and Schwartz, 
1987). 
A normal-phase high-performance liquid chromatographic system was developed for 
the separation of individual carotenoid pigments in a saponified extract of Capsicum 
cultivar (Almela et al., 1990). Eighteen major components were separated, of which 
sixteen pigments were identified. 
A wide variety of carotenoids and carotenoid fatty acid esters were separated and 
quantified in selected fruits and vegetables such as spice red pepper. Cis-isomers of -
carotene, the most effective provitamin A, were also separated and differentiated from 
their corresponding trans forms. 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
46 
A spectrometer fiber optic was used to acquire reflectance spectra from puree samples 
in the wavelength range of 500-750 nm. The concentration of lycopene was measured 
by hexane extraction and spectrophotometry. High linear correlations were found 
between spectral parameters and lycopene concentration of samples; so these models 
can dependably used for quick and safe quantification of lycopene concentration in 
watermelon and tomato puree (Choudhary et al., 2009). 
2.9.2 Analysis of vitamin C 
The determination of vitamin C constituents is an excellent indicator for a significant 
assessment of processing and/or storage conditions of food products and beverages. 
Vitamin C exists in foods as a constituent of soluble solids including organic acids. Due 
to its important role in human and animal nutrition, as vitamin C, and in food quality, as 
effective antioxidant, an increasing attention is paid to ascorbic acid (Bui-Nguyen, 
1980). The analysis of total vitamin C (ascorbic acid plus dehydroascorbic acid) by high 
performance liquid chromatography (HPLC) has been studied by several researchers 
(Finley and Duang, 1981 Keating and Haddad, 1982 Wimalasiri and Wills, 1983 
Haddad and Lau, 1984 Seki and Yamaguchi, 1985 Zapata and Dufour, 1992). Four 
methods have been used, namely ion exchange and ion-exclusion separation, 
solvophobic chromatography and reversed phase chromatography of derived products. 
Ion exchange and ion-exclusion separations are generally performed on silica-based ion 
exchangers and on exchangers with a styrene-divinylbenzene copolymer structure 
(Richard, 1975). 
In solvophobic chromatography, the addition of acid or acidic buffers to the mobile 
phase lowers the pH and suppresses the dissociation of the carboxylic group of the 
solute. Under these conditions, hydrophobic interaction of the organic structure of the 
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solute with reversed phase stationary phase is included and in this instance a 
solvophobic chromatographic separation may be obtained (Deming et al., 1978 Horvath 
et al., 1977). 
Ion pair chromatography has also been applied and optimised to the separation of 
organic acids, using silica gel or cellulose coated with a reagent capable of forming ion 
pairs and a non polar mobile phase (Pearson, 1976 Daood et al., 1994). Non polar 
counter ions have also been used in reversed-phase ion-pair chromatograph (Horvath 
and Melander, 1980). 
In the case of reversed-phase separation of organic acids, derivatizing agents have been 
necessarily used to achieve a more precise and complete elution of the individual of 
biological samples. The products mainly investigated are differently substituted 
naphthacyl, p-nitro-phenyll, p-nitrobenzene and phenacetyl bromide (Cooper et al., 
1974 Grushka et al., 1975 Mentasti et al., 1985). 
2.9.3 Analysis of sugars 
The determination of sugars in foods is very significant. Their relation in fact, can affect 
the chemical and sensorial quality of the matrix (e.g., sweetness, pH, total acidity, 
microbial stability, global acceptability) and can provide information on food to 
optimize several selected technological processes. 
Some methods for determination of sugars and/or organic acids in foods  have been 
published (Mullin and Emmons, 1997; Zeppa  et al., 2001), tomatoes (Velterop and 
Vos, 2001), green beans (Vazquez and Oderiz et al., 1994),  ground coffee (Rogers et 
al., 1999), fruits such as apricots (Bartolozzi et al., 1997), pears and apples (Drake and 
Eisele, 1999), blackberry, blackcurrant,  passion fruit (Romero Rodriguez et al., 1992), 
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kiwi (Walton and DeJong, 1990; Castaldo et al., 1982), prickly pears (El Kossori et al., 
1998), fruit juices (Saccani et al., 1995; Hong and Wrolstad, 1986; Lee and Wrolstad, 
1998), wines  (Auguste and Bertrand, 1980; Callul et al., 1992; Castellari et al., 2000). 
Different techniques are used to determine the sugar content of plant material. Sugars 
can be determined by HPLC (Lee, 1990; Young et al., 1993) or GC (Davies and 
Kempton, 1975; Zürcher and Hadorn, 1976; Haila et al., 1992; Molnár-Perl and Morvai, 
1992). Both techniques require expensive apparatus and demand a considerable amount 
of time per measurement. With GC, for example, time-consuming derivatisation of the 
sugars is required prior to analysis (Davies and Kempton, 1975; Zürcher and Hadorn, 
1976; Haila et al., 1992; Molnár-Perl and Morvai, 1992). 
Another method of determining specific sugars and acids is by enzymatic analysis, and 
such assays are available for various sugars (Baumann and Gierschner, 1971; Zurcher 
and Hadorn, 1976; Bergmeyer and Bernt, 1974), for citrate (Möllering, 1985a; 
Moellering and Gruber, 1966), and L-malate (Möllering, 1985b). For these enzymatic 
assays, sample preparation is simple and the only apparatus required is a 
spectrophotometer.  
2.10 Summary 
The literature survey revealed that ozone has been studied extensively as an 
anitimicrobial agent. Limited research has been conducted on the application of ozone 
in CA storage and there has been no published research on the effect of ozone on 
tomatoes at different stages of ripening. Therefore the focus for this study was the 
investigation of effect of ozone in the CA storage of tomatoes at different stages of 
ripening.  
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
49 
Chapter 3:   Research Methodology 
This chapter describes the design for the post-harvest treatment technique using ozone 
gases in controlled atmosphere storage used in this study in addition to materials, 
equipment, system steps operation, ozonation samples treatment and determination of 
procedures. 
3.1 Materials and equipment 
All the materials and equipment listed in Tables 3-1 and 3-2 were used in the 
experiments discussed in Section 3.2, 3.4, and 3.5.  
Table ‎3-1 Chemical materials 
Chemicals C. No. Supplier  
L-Ascorbic acid  47863 1000 mg   Sigma-Aldrich 
2,6-Dichlorophenolindophenol sodium salt  33125-25G-R Sigma-Aldrich 
Sodium hydrogen carbonate 71628-500G Sigma-Aldrich 
meta-Phosphoric acid 04103-250G Sigma-Aldrich 
Sand 274739-1KG Sigma-Aldrich 
Acetone 154598-2L Sigma-Aldrich 
Hexane 248878-2L Sigma-Aldrich 
Phenolphthalein solution 34607 Sigma-Aldrich 
Sodium hydroxide  655104-500G Sigma-Aldrich 
Carbon tetrachloride 87030-1L Sigma-Aldrich 
Methanol 154903-2L Sigma-Aldrich 
Ethyl acetate 34858 – 2.5 L Sigma-Aldrich 
Tetrahydrofuran T5267 Sigma-Aldrich 
Triethylamine 17924 – 1EA Sigma-Aldrich 
Acetonitrile 34851 – 2.5L Sigma-Aldrich 
β-Carotene C 4582 Sigma-Aldrich 
Lycopene 43018 Sigma-Aldrich 
Xanthophyll 95507 – 1 MG Sigma-Aldrich 
Table 3-1 continued   
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Chemicals C. No Supplier  
Chloroform 288306 Sigma-Aldrich 
Diethylenetriaminepentaacetic acid 32319-100G-F Sigma-Aldrich 
Sodium phosphate dibasic 71629 - 25G Sigma-Aldrich 
Ascorbate oxidase A0157-100UN Sigma-Aldrich 
Meta-Phosphoric Acid Glassy Lumps 250 G 4103 Sigma-Aldrich 
Sodium phosphate dibasic 71629 - 25 G Sigma-Aldrich 
Sodium phosphate monobasic S8282 Sigma-Aldrich 
Phosphate buffered saline P3813 Sigma-Aldrich 
6-Hydroxy-2,5,7,8-tetramenthylchromane-2-carboxylic 
acid 
56510 Sigma-Aldrich 
2,2-Azinnobis(3-Ethylbenzothiazoline-6-sulfonic Acid) 
Diammonium Salt 
R425966 Sigma-Aldrich 
Manganese (iv)oxide 13333 Sigma-Aldrich 
Sucrose, D-glucose and D-fructose in foodstuffs UV. Test 
Cat. 
10 716 260 035 R-BIOPHARM 
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Table ‎3-2 Equipment 
Equipment 
The reactor chamber:  a box shape with dimensions of 192 x 192 x 100mm. 
The second chamber:  tube shape 60 cm in length and a diameter of 100 mm 
A metal frame 93 x 57 x 70 cm manufactured in the workshop 
Three Flow meter flow rate from 100 to 1100 ml/ min. 
Furness Controls limited (Digital Manometer FCO 16). 
low range gas flow meter 
Moisture free air cylinders with air regulator valve were purchased from BOC Company 
Ozone generator BMT 803, MESSTCHNIK GMBH – Berlin. 
Ozone analyzer BMT 963 manufactured by BMT MESSTCHNIK GMBH – Berlin 
Mixing tube, available in the laboratory, containing 3 openings. 
Silicon tubing of 8 mm inside dimension (I.D) for the passage of ozone 
Enots Nylon tubing 5 mm I.D was purchased for the passage of air 
Humidity Data Logger with probe, model No. 37003-02   
Porcelain pestle C. No. Z247537 from Sigma 
porcelain mortar C. No. Z247499 from sigma 
Waring laboratory blender C. No. Z272191 from Sigma 
Atago 3810 PAL-1 Handheld Digital Brix Refract meter C. No. Z281611-1EA 
Centrifuge Mistral 1000 
Agilent 8453 Spectrophotometer 
Ultrasonic bath (T 460/H) from Elma (GmbH). 
PRO - X Filter unit 0.22 um hydrophilic cellulose acetate membrane  C. No. 5003 - 06 Lida 
Manufacturing corp 
Whatman membrane filters 0.2 μm 
8 ml round amber bottle, 172-596 from JENCONS-PLS 
15 ml round amber botte 172-597, from JENCONS-PLS 
Liquid Chromatography System Series 10 Pump Module  
(UV) detector 
Hichrom column, Length 15 cm, I. D 4.6 mm 
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3.2 Design of experimental setup 
The design of the experimental setup carrying out the controlled atmosphere ozonation 
required the following components: chamber reactor, frame, air cylinder, flow meter, 
ozone generator, ozone analyzer, glass mixer, tubing, monitoring equipments. 
The equipment required for this study were obtained either by purchase from the market 
or by manufacturing at the School’s work shop.  
3.2.1 Chamber reactor 
Through reviewing the literature it was found that most of the applications of ozone in 
storage operation were in stainless steel chambers. In this study it was found that it was 
better to use a glass chamber reactor because of low cost and could easily view the 
samples inside the chamber. The reactor chamber was designed in the shape of a box 
with dimensions of 192 x 192 x 100 mm. This capacity was enough for 9 tomato fruit 
samples each about 60 mm size. The box contains a cover consisting of two adjacent 
layers. The first layer was inserted tightly inside the box at a distance equal to the glass 
layer thickness and the second cover was placed on the bars of the box to prevent any 
gas leakage. 
The box was closed tightly by wooden clamping strips to prevent loss of gas. The box 
contained two upper wooden bars and two lower ones connected to each other by 
clamping screws with clamping nuts. There are four openings, one on each side of the 
chamber.  Two openings were for the inlet and outlet of the gas, the third for controlling 
relative humidity and temperature and the fourth for measurement and analysis of 
ethylene gas inside the chamber. This chamber was manufactured by the glassblower, 
Mr Arthur Kershaw at the University of Bradford. Several difficulties have been 
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encountered with this design. It was difficult to stop the gas leakage and silicon was 
used to solve this problem. In addition, it was difficult to control the level of pressure 
applied by the clamps which caused breakage of the chamber. Therefore a new design 
was sought. 
 
 
 
 
 
 
 
 
 
 
After completing the manufacture of the chamber and assembly of the parts of the 
design and also the operation, there was a leakage of the gas from the corners of the 
chamber. This leakage was stopped by the use of silicon grease in the corners. The 
leakage was further stopped but controlling the pressure on the wooden clamping strip. 
However this caused a break in one corner of the box.       
Some modifications in the chamber were done by removing the lower layer of the lid 
which enters the chamber, and placing a flat glass frame of 2 cm width facing the 
Figure ‎3-1 First chamber reactor 
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anterior of the chamber on which the new lid which consisted of one layer of glass. This 
was by pressed down, as shown in the previous lid. 
This was a temporary solution in order to do some experiments on tomato samples and 
begin testing the application of controlled atmosphere storage. The test experiments 
were conducted using this chamber until a new design chamber was developed.   
The second chamber was designed in the form of a tube of 60 cm in length and a 
diameter of 100 mm with the required inlets and outlets, and contained a moveable rack 
for samples as shown in (Figure 3-2). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3-2 Second generation chamber 
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The glass tubes were obtained (from the Czech Republic) and the chambers were 
constructed by Mr Arthur Kershaw, at the University of Bradford Glass blowing 
workshop.  
The first tubular chamber was manufactured and tested and no defects were observed. A 
further 3 chambers of the same descriptions were made. The whole construction and 
connection to the other equipment and instruments took about six weeks to be 
completed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure ‎3-3 The complete chambers 
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3.2.2 The frame 
A metal frame of 93 x 57 x 70 cm was manufactured in the workshop of the School of 
Engineering, Design and Technology, in cooperation with the technician, Mr Ian 
Mackay. This frame was fitted inside the fume hood. Metal legs were fixed and 
connected to each other and contained a septum of one square inch wire mesh dividing 
the frame into two parts. 
3.2.3 Calibration of flow meters 
Three air flow meters were obtained from the laboratory.  The % of error between flow 
meter readings and the actual flow rate measurement are calculated using Furness 
Controls limited. 
The % of error was estimated by the following equation (1). 
                                 Eq. 1 
 
3.2.4 Assembling of the design 
Components of the design were assembled together after taking into consideration the 
suitable position for each part. The air cylinder was safely fixed on the wall of the 
laboratory. The flow meter was put in the anterior of the upper part of the frame and 
fixed on to special racks. The chamber was installed in the upper part too in addition to 
the tube for gas mixing which was fixed in the upper part. The lower part contains the 
generator for ozone gas and the apparatus for ozone analysis. Tubes for gas circulation 
were added according to each type of gas and electrical connection. 
 
100  
Reading Measured
Reading MeasuredReading meterFlow
   Error % 


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Figure ‎3-4 Assembled equipment in the whole design 
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3.3 The steps of ozonation system operation 
First, the ozone analyzer was switched on and left for a period of 5 minutes to get warm 
and the setting was calibrated to obtain a reading of 0 (zero). The pressure regulator of 
the air free moisture was opened a little bit and left to pass through the system by 
controlling the flow rate using the available area flow meter fitted with throttle needle 
valves.  Leakage of the gas in the system was tested by a spray of soapy water on 
possible leakage areas. 
Once the ozone analyzer was stable and indicated zero the ozone generator was 
switched on, after the passage of air free moisture as a source of oxygen to convert 
oxygen to ozone, where an ozone analyser was used to measure ozone concentration at 
the generator outlet, C0. A fraction of the ozone generator outlet gas flow rate Q0, 
accurately measured using a low range Cole Parmer variable area gas flow meter, is 
diverted to a glass mixer to be further diluted with a fixed dry air flow rate Qa mL/min. 
The gas is then introduced to glass ozonation chambers. Ozone was applied to three 
ozonation chambers and a fourth one was used as control (i.e. no ozone was applied).  
Ozone doses are controlled by controlling Q0 and calculated using Equation 2. The gas 
concentration at which ozone was applied is calculated using Equation 3. For safety 
reasons, all gases are extracted and vented outside the laboratory.   
t
exp00
m
tCQ
OD

                Eq. 2
    
a0
00
app
QQ
CQ
C


                  Eq. 3  
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Where: OD: ozone dose (mg/g tomato), Q0: low range ozone flow rate (ml/min), C0: 
ozone concentration (mg/ml), texp: experimental time (min), mt: mass of tomato (g), 
Capp: applied ozone concentration (mg/ml), Qa: dilution air flow rate (ml/min). 
3.4 Plant material 
3.4.1 Green tomatoes (Rio Grande)  
Green tomatoes (Rio Grande) were harvested from a field farm in North West Libya in 
the summer season (15/07/2007), and transferred by air to the University of Bradford, 
UK. Experiments were immediately started as soon as the tomatoes arrived at the lab on 
18/07/2007. Selected fruits were graded according to the green stage of ripening, size 
(diameter = 46±2 mm) and mass (65 ±5 g), as shown in Figure 3-5. 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3-5 Green tomatoes (Rio Grande) 
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3.4.2 Different stage of tomatoes ripeness samples (Lycopersicon Esculentum 
cv. Elegance) 
Different stages of tomato ripeness (Elegance) used in this study had been grown under 
commercial growing conditions, in a greenhouse located in the Beckside Nursery at 
John Baardalid Ltd.,  Norfolk Bank Lane, Ellerker, East Yorkshire, Hull, UK. The 
variety Elegance is a commonly used fruit average weighting 130 grams, as shown in 
Figure 3-6. 
 
 
 
 
 
 
 
 
 
About 20 kg tomatoes (Elegance) were harvested at each stage of ripeness (Green, 
Yellow and Red) on different harvest dates for each experiment when the tomatoes were 
selected and fruits were graded by colour, washed with water, dried with a soft cloth, 
and placed inside the glass chambers to be ozonated. 
 
Figure ‎3-6 Elegance tomatoes 
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3.4.2.1 Green stage ripeness of tomatoes Elegance) 
 
 
 
 
 
3.4.2.2 Yellow stage ripeness of tomatoes (Elegance) 
 
 
 
 
 
 
3.4.2.3 Red stage ripeness of tomatoes (Elegance) 
 
 
 
 
 
 
Figure ‎3-7 Green stage ripeness of tomatoes (Elegance) 
Figure ‎3-8 Yellow stage ripeness of tomatoes (Elegance) 
Figure ‎3-9 Red stage ripeness of tomatoes (Elegance) 
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3.5  Ozonation and Analysis Experiments  
3.5.1  Effect of different ozone doses on several post-harvest quality 
characteristics and ripening delay of green tomatoes (Rio Grande) 
3.5.1.1 Ozonation of the samples  
Green tomatoes (Rio Grande) were placed inside the glass chambers to be ozonated, 
Ozone concentration allowed into the three chamber were (air + 2 mg O3, air + 7 mg O3 
and air + 21 mg O3/g tomato) and one chamber was left for control treatment (clean air 
only) under humidity and temperature of 90-95%, 14-17 
0
C
 
respectively. 
3.5.1.2 Weight loss percentage (WL %) 
Tomatoes weight loss (WL) during the experiments was recorded and correlated to 
ozone doses. Experiments were carried out for 14 days. WL was calculated using the 
following equation.  
   100
W
WW
%WL
0
f0 

                                                                Eq. 4    
Where: W0 = weight tomatoes before storage treatment, Wf = weight tomatoes after 
storage treatment. 
3.5.1.3 Fruit external appearance 
The development of change in colour and surface damage on the samples was 
monitored and recorded out by taking photographs on day 1, day 7, day 10 and day 14. 
3.5.1.4 Titratable acidity (TA) 
The procedure described by Moretti (2002) was followed in this study. Basically, 40 g 
of tomato fruit were homogenized in a commercial blender at high speed (22000 rpm), 
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diluted with 50 ml of deionised water and titrated with 0.1 M NaOH to end point of pH 
8.2. TA is calculated as the number of milli equivalent of citric acid per kg of fresh 
mass by converting the amount of NaOH using equation 5. 
 064.0CVTA BB          Eq. 5 
Where: VB: NaOH volume (ml); CB: NaOH concentration mol/L, 0.064: ml equivalent 
of citric acid. 
3.5.1.5  Total soluble solids ( TSS) 
Total soluble solids content was determined using Atago 3810 PAL-1 Handheld Digital 
Brix Refractometer, Brix 0.0 - 53.0% ±0.2% (minimum resolution 0.1%), automatic 
temperature compensation. 
3.5.1.6  Determination of ascorbic acid (AA)  
Principle: 
2,6-Dichlorophenol indophenol was reduced to a colourless form by ascorbic acid. The 
reaction is specific for ascorbic acid at pH 1 to 3.5. The dye is blue in alkaline solution 
and red in acid. 
Procedure: 
Ascorbic acid was determined using the procedure described by Daood et al. (1989). 
Ten g samples of tomato fruit and 50 ml meta-phosphoric acid (2% concentration) were 
placed in a mortar crucible and mashed it with quartz sand (1 g). The mixture was 
filtered through a piece of cotton wool in a funnel and then filtered again through filter 
paper. 
The clear solution was transferred to a 100 ml volumetric flask, and diluted with 
distilled water or meta-phosphoric acid to give a final volume of 100 ml. Ten ml of the 
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sample were then titrated and the concentration of AA is given by Equation 2 according 
to Pummer (1978). 
Mg ascorbic acid / 100ml= 
BLST
BLT


 dilution2       Eq. 6  
Where; T= titration sample, ST= titration standard ascorbic acid and BL=titration Blank 
3.5.1.7 Determination of total carotene 
Procedure: 
Pigments were extracted according to the procedure described by Daood et al. (1989). 
Disintegration of 20 g of tomato fruit was done in a crucible mortar in the presence of 1 
g of quartz sand followed by the addition of 25 ml of methanol. The mixture was 
transferred to a100 ml conical flask and 60 ml of 5:1 chloroform/methanol solution was 
added, followed by the addition of few drops of distilled water to separate the mixture 
into two phases. The complete transfer of the fat soluble pigment to the chloroform 
layer occurred by shaking the mixture for 15 min. The mixture was transferred to a 250 
ml separating funnel. The phases were separated, the organic phase was dried over 
anhydrous Na2SO4 and the aqueous phase was discarded. The organic solvent was 
removed under vacuum using a rotary evaporator with a water bath (temperature at 40 
o
C) to obtain a residue containing the pigments. The pigments were then dissolved in 
acetone and obtained using the absorbance factor (A
1%
1cm
  
 ) = 2140 and also the 
concentration was calculated using the method presented in Lichtenthaler (1978). 
 
nm 470at214/)nm(Absorbance)ml/mg(caroteneofionConcentrat   Eq. 7 
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3.5.2 Effect different of ozone doses on carotenoids (β-carotene and lycopene) at 
different stages of tomatoes ripening:  
Carotenoids (β-carotene and lycopene) were determined in this study using the HPLC 
Method. Liquid chromatography instrumentation consists of six basic units. The mobile 
phase supply system, the pump and programmer, the sample valve, the column, the 
detector and finally, means of presenting and processing the results. A block diagram of 
the basic liquid chromatography components is shown in Figure 3-10. 
 
   
       
 
        
               
 
 
 
1) Purge Operation Liquid Chromatography System Series 10 Pump Module. 
The following is the method to operate the system and is provided as instructions: 
Ensure that the reservoir is filled with filtered and degassed solvent. Turn on the power 
switch of the Series 10 pump. Connect the syringe to the drain port. Open the drain by 
turning the Prime Purge knob counter clockwise. Select an appropriate flow rate, upper 
pressure, and lower pressure limit of 0 MPa. Start the pump by selecting the Run 
Figure ‎3-10 Liquid chromatography setup 
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position. Collect solvent in syringe until the draining solvent is bubble free. At least 30 
ml of solvent should be drained before changing to a new solvent. 
2) Running the system 
Ensure that pump is stopped. Close the Prime Purge valve. Ensure that selected flow 
rate and limit setting are appropriate for analysis and column is in use. (Typical Low 
pressure limits are approximately 3 MPa for Conventional and high-speed LC and 0 for 
gel permeation Chromatography GPC). Typical upper-pressure limits are 42 MPa 
conventional and high-speed LC and 1 to 2 MPa for GPC. Start the pump and inspect 
the connections for leaks. Establish a detector baseline and inject the sample. 
3) LC-75 Operation 
Connect the inlet line to the column outlet. If unions are used, make certain that they are 
of the zero-dead-volume-type. Connect the detector signal outputs to the recorder and/or 
data system. Turn on the LC-75 power. Allow 15-30 minutes minimum warm -up time. 
Select the LC-75 pumping system flow rate and detector compatible solvent 
composition. Begin pumping. Make certain that all plumbing connections are leak-free. 
Allow the flow rate to stabilize (observe the pumping system pressure). Use the detector 
wavelength dial to select a wavelength appropriate for the analysis. Select the 
Absorbance 1 cm setting. (The Absorbance 1 cm is used to keep the peaks on-scale). A 
setting of 0.16 is typical). Observe the baseline until stable. Adjust the signal to 0 to 
10% of the recorder scale with the fine zero control. Inject the sample. 
Notice: If the peaks go off-scale, select a higher number Absorbance 1cm setting to 
make the peaks smaller. If the peaks are too small, use a lower number Absorbance 1 
cm setting to make the peaks bigger. 
4) Pc/Chrom 431 (start up) 
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Click on the icon of pc/Chrom 431). Write user name ((sa)) and password (*****) and 
click ok. Click on the (file) and choose (log in to an Acquisition Channel) choose 
(Channel A) wait a few seconds to view the message is seen (Successful sign-on and 
self calibration) then click ok. For starting without save data, just click on (Run) and 
choose (Start Manual Data acquisition) when the X- Axis and Y-Axis are in red colour. 
For starting with save data  click on (Run), then choose (Create New Directory) and 
choose (PW A) and fill all the empties such as (name file , origin information, column, 
serial and notebook references) and click ok, then the message method selection is seen 
when click ok and fill method table such as (name description)  and click OK. Finally 
the pc/chrom 431 is changed to green colour, when click on (Run) and choose (Start 
Manual) and click ok. If the plot is not seen, please click on the (View), and choose 
(View) after that click ok and choose (graph) and change parameters such as (Y- Axis 
maximum "mv" and Y- Axis minimum "mv"). If the run (Time Data Acquisition) is not 
enough, please click on (Run) and choose (Extend Data Acquisition) and choose 
(Extend the Time by ****) and click OK. 
3.5.2.1 Ozonation of the samples  
Three stages of ripeness (green, yellow and red) of tomatoes (Lycopersicon Esculentum 
cv. Elegance) at different harvest dates (2/05/2008, 8/05/2008 and16/05/2008) 
respectively were evaluated.  
Fruit from all harvests were exposed to 0.25, 0.50 and 1 mg O3 / g tomatoes and clean 
air for 5 days at 15 °C ± 2 and 90-95 % relative humidity (RH). Then, pigments of the 
fruits were extracted after 1 day from the end of exposure period and stored at -80 °C to 
analysis.  
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The pigments were extracted and assayed according to the procedure described by 
(Tzortzakis et al., 2007): Pigment extraction procedure started with the disintegration of 
tomato using Waring Blendor. Homogenised tomatoes tissue (5 g) was put in a round-
bottom flask with silica gel (4 g). Evaporation was done by using the rotary evaporator 
in water bath of 35 ºC. Methanol (10 ml) was added. 
Tetrahydrofuran (10 ml) andacetone (10 ml) (1:1) mixture was added. Ultrasonification 
was applied for 10 min. The liquid from the solid was separated by decanting it into 
another round bottomed flask. The steps (4-6) 3 were repeated more times, thus 
providing aall combined extract. The combined extract was evaporated and then ethyl 
acetate (40 ml) and distilled water (60 ml) were added. This was transfered it to a 
separating funnel and the organic phase (top phase) was collected. The product was 
dried over a Na2SO4, filters and evaporated.  This was re dissolved in ethyl acetate (10 
ml) and stored at -80 ºC. 
3.5.2.2 Carotenoids assays 
Carotenoids were analysed using Series 10 Pump Module for Liquid Chromatography 
(UV)-visible detector at 455 nm. Inject (50 μL) samples on to a Hichrom column 
Length 15 cm, I.D 4.6 mm. 
The mobile phase flow rate (1 ml min
−1
) consisted of (solution A and solution B): 
Solution A (acetonitrile : tetrahydrofuran 75:25% (v/v)) and Solution B (triethylamine : 
H2O 0.1% (v/v)), Introduce starting with 70% solution A and 30% solution B, followed 
by a linear gradient to 100% of solution A over 30 min, then holding at 100% of 
solution A for 10 min. Conditions were returned to 70% solution A:30% solution B by 
linear gradient within 3 min, and held on the washing step for 7 min. The retention 
times are (29.5 and 32.4 min) for lycopene and β-carotene, respectively. 
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Calibration curves for lycopene and β-carotene were prepared employing off-the-shelf 
standards prepared for analysis in the same manner as samples. Spiking of samples 
revealed no evidence of treatment interferences in the analysis of carotenoids. 
3.5.2.3 Calculation 
The calculation factor for lycopene and β-carotene is given by equation 8.  
sampleofweight
solventredissolveofvolume
stanardofpeak
standardofonconcentati
 Factor n Calculatio         Eq. 8 
 
Concentrations of lycopene and β-carotene were calculated according to equation 9. 
Concentration = peak area of sample x calculated factor    Eq. 9 
3.5.3 Effect difference of ozone doses on ascorbic acid and dehydroascorbic acid 
content at different stage of tomatoes ripening 
3.5.3.1 Ozonated samples  
Three stages of ripeness (green, yellow and red) of tomatoes (Lycopersicon Esculentum 
cv. Elegance) at different harvest dates (27/06/2008, 03/07/2008 and10/07/2008) 
respectively were evaluated.  
Fruit from all harvests were exposed to (0.25, 0.50 and 1 mg O3/g tomatoes) and clean 
air for 5 days at 15 °C±2 and 90-95 % relative humidity (RH). Then, fruits were 
introduced for extract and analysis after 1 day from the end of exposure of each stage.  
Extraction and Assay 
Extraction and assay of ascorbic and dehydroascorbic acid content in tomatoes were 
immediately started after each ozone treatment to each stage of ripeness. 
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3.5.3.2 Sample extraction 
Fruits were separated into pericarp (flesh and skin) and pulp (placenta and locular tissue 
including seed) tissue by Stan steel knife (50 g each tissue) and homogenized by a 
Waring  Blendor to avoid rapid oxidation of ascorbic acid in the presence of 150 ml of 
extraction solvent (meta-phosphoric acid (6%, w/v) containing 0.2 mM DTPA for 2 
min. The extracts were then subjected to centrifuging and filtration. 
3.5.3.3 Sample assay 
The content of ascorbate (ASA) and dehydroascorbate (DHA) was determined using the 
spectrophotometric method of Takahama and Oniki (1992). 
Assays were performed in 1cm matched quartz cuvettes employing 150 μL of extract in 
2835 μL phosphate buffer (1 M Na2HPO4/NaH2PO4; pH 6.1) at 25 °C. 
Absorbance was read at 265 nm, when 15 μL ascorbate oxidase (AO, 1 unit; EC 232-
852-6; Sigma Aldrich, Poole, UK) was added and a reading was taken following the 
complete oxidation of ASC to DHA (<2 min).  
3.5.3.4 Calculation 
The calculation is carried out according to the general formula for calculating the 
concentration, the equation 10.  
diluet)l/g(A
1000vd
MWV
C 


       Eq. 10 
Where  
V = final volume [ml] 
v = sample volume [ml] 
MW= molecular weight of the substance to be assayed [g/mol] 
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d = light path [cm] 
ε = Absorption coefficient for ascorbate concentrations was computed and an extinction 
coefficient for ascorbic acid of 14 mm
−1
 cm
−1
 at 265 nm was used in calculations 
(Nakano and Asada, 1981). 
The redox status of ascorbate was calculated as percentage using equation 11. 
)
)DHAASA(
ASA((%)ASC

       Eq. 11 
3.5.4 Effect difference of ozone doses on antioxidant activity at the different 
stages of tomatoes ripening 
3.5.4.1 Ozonation samples  
Three stages of ripeness (green, yellow and red) of tomatoes (Lycopersicon Esculentum 
cv. Elegance) at different harvest dates (05/09/08, 11/09/08 and 17/09/08) respectively 
were evaluated.  
Fruits from all harvests were exposed to (0.25, 0.50 and 1 mg O3/g tomatoes) and clean 
air for 5 day at 15 °C±2 and 90-95 % relative humidity (RH) for six days.  
3.5.4.2 Extract and assay 
The extract and assay of antioxidant activity content in tomatoes were immediately 
started after each ozone treatment to each stage of ripeness (Toor and Savage, 2005). 
3.5.4.3 Method of sample extraction and assay 
Fruits were separated into pericarp (flesh and skin) and pulp (placenta and locular tissue 
including seed) by Stan steel knife (75 g each tissue) which are there homogenized by a 
waring blender in the presence of the acetone solvent (150 ml). 
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The radical scavenging capacity (antioxidant activity) of the extracts was measured 
using the modified ABTS
*+
 (2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) 
diammonium salt) radical decolourization assay (Miller and Rice-Evans, 1997). 
Modified ABTS was prepared by reacting a 5 mM aqueous solution of ABTS (2,2-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) with the oxidizing 
agent, (manganese dioxide) on a Whatman no.5 filter paper (Miller et al., 1996). Excess 
manganese dioxide was removed by filtration through a 0.2 μM Whatman PVDF 
syringe filter. This solution was then diluted with 5 mM Phosphate buffered saline 
(PBS), pH 7.40, to an absorbance of 0.700 (±0.020) at 734 nm in a 1 cm cuvette and 
incubated at 30 
o
C. Then 1 ml of the ABTS
*+
 solution was added to 100 μl of standard 
or sample and vortexed for 10 s. The decolourisation caused by the reduction of the 
cation by antioxidants from the sample was measured at 734 nm (UV–Vis 
spectrophotometer) 1 min after the addition of the sample. Assays were performed with 
duplicate assays per extract. 
Trolox (6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid), a water-soluble 
vitamin E analogue, was used in preparing a 2.5 m mol/l Trolox solution by dissolving 
o.15643g of trolox in 250 ml of 5 mM phosphate buffered saline (PBS), pH 7.40, in 
order to prepare the standard curve and the activity was reported as micro molar trolox 
equivalent to antioxidant capacity (μmole TEAC). 
3.5.5 Effect different of ozone doses on glucose and fructose content in tomatoes 
at different stages of ripening 
3.5.5.1 Ozonation samples  
Three stages of ripeness (green, yellow and red) of tomatoes (Lycopersicon Esculentum 
cv. Elegance) at different harvest dates were evaluated. Fruit from all harvests were 
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exposed to (0.25, 0.50 and 1 mg O3/g tomatoes) and clean air for 5 day at 15 °C±2 and 
90-95 % relative humidity (RH). Then, fruits were submitted for extraction and analysis 
after a day from the finish of exposure of each stage.  
3.5.5.2 Extraction and Assay  
For these enzymatic assays, sample preparation is simple and the only apparatus 
required is a spectrophotometer. Glucose and fructose were analysed using a 
commercially available kit (Nr.10 716 260035) from R-Biopharm AG, Germany. 
Contents of bottle 1 were dissolved with 10 ml of redistilled water. Contents of bottle 2 
were dissolved with 45 ml redistilled water. Contents of bottle 3 and 4 were used 
undiluted.  
The tomatoes were crushed with a household blender.  50 g was weighed and placed 
into 250 ml flask. Distilled water was added and the mixture warmed in a water bath at 
60 
o
C for 15 min. The mixture was then allowed to cool, and filtered through a 
membrane. The filtrate was diluted ten fold (it means all together 50 folds) for 
recommendations for methods. For the sugar test, 100 microliter was measured in a 
pipette for glucose, and 100 microliter for sucrose into two cuvettes. The process was 
continued as mentioned in the instructions used for fruits. 
3.5.5.3 Calculation 
The calculation is carried out according to the general formula for calculating the 
concentration, equation 12.  
diluetE
1000vd
MWV
)l/g(C 


                  Eq. 12 
ε = extinction coefficient at 340 nm = 6.3 [l × mmol-1 × cm-1] 
For D-glucose 
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3.020 180.16 5.441
 AD-glucose  AD-glucose 60
6.3 1 0.100 1000 6.3
c dulet

     
  
 
=g glucose/ Kg tomatoes  
For D-fructose: 
3.040 180.16 5.477
60AD-fructose AD-fructose
6.3 1 0.100 1000 6.3
c dulet

     
  
 
= g fructose / Kg tomatoes  
3.6 Statistical Analysis 
The data were analyzed using the Statistical Analysis System (SAS); the Excel software 
was used to determine the effect of treatments in experiment (3.5.1). The General Linear 
Model procedure of ANOVA in the MINITAB software (version 15) (2000) was used 
to determine the effect of treatments on the dependent variables. Means were separated 
by the least significant difference (LSD) test at P<0.05, P<0.01 and P<0.001 for 
experiments (3.5.2, 3.5.3, 3.5.4, and 3.5.5).  
Each batch (9 tomatoes) from every experiment was divided into 3 parts (3 x 3 
tomatoes); each fraction was extracted separately. Each extract was then analysed in 
duplicate which resulted in a total of 6 analyses. 
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Chapter 4:   Results and Discussion 
This chapter presents the data obtained from the trial experiments which were 
conducted using the the first generation reactor described in Section 3.2.1 (refer to 
Figure 3-1). The trail experiments were carried out using an ozone dose of 0.25 mg/g 
tomatoes. Air was used for the control samples. The titratable acidity, total soluble 
solids, ascorbic acid and total carotene were analysed. This initial data was then used to 
inform the modified experimental design. Subsequent experiments were conducted in 
the second generation reactor (Figure 3-2).  The appearance, weight loss, titratable 
acidity, total soluble solids, ascorbic acid and total carotene were analysed using 
different ozone doses. In addition, the ascorbic acid content and carotenoid (β-carotene 
and lycopene) content, antioxidant activity and soluble sugars were determined. 
4.1 Trial Experiments 
4.1.1 Calibration of flow meters  
Three air flow meters used in the experiments were calibrated before starting the 
experiments (Refer to reactor experiment design page 58, 59). Results of recalibration 
of flow meters are shown in (Table 4.1, 2 and 3). The % error between flow meter 
readings and actual flow rate measurements were calculated using a digital manometer. 
Table ‎4-1 Calibration of the flow meter by measuring the air before passing 
through the ozone generator   
Flow meter reading (ml/min) Measured flow meter reading  % Error 
600 560 7.14 
400 379 5.54 
200 197 1.52 
Average  4.74 
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Table ‎4-2 Calibration of the flow meter by measuring the air before passing 
through the glass mixture 
Flow meter Reading 
(ml/min) 
Measured flow meter reading % Error 
600 564 6.38 
400 377 6.10 
200 197 1.52 
Average  4.66 
 
Table ‎4-3 Calibration of the flow meter by measuring the air before passing 
through the chamber of the control sample 
Flow meter Reading 
(ml/min) 
Measured flow meter reading  % Error 
600 574 4.52 
400 385 3.89 
200 198 1 
Average  3.14 
 
The ranges of average % error for each air flow meter was within the limit of % error 
for the experiment. A graph was constructed for comparison. 
4.1.2 Ozonation trial experiments   
The system was tested by the use of half ripe tomatoes (purchased from the 
neighbourhood market). Ozone dose of 2.1 mg/g tomatoes was entered into the box 
chamber for one hour daily and the entire experiment was conducted at 14
o
C. The 
storage of the control sample (untreated) was under the same conditions. The 
experiment was conducted for 7 days. 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
77 
            Eq. 2 (Chapter 3) 
 
The chemical analyses (titratable acidity, total soluble solids, ascorbic acid and total 
carotene) were determined. All these determinations indicated the effects of ozone on 
these qualities and also on the tomatoes ripening. Total titratable acidity was determined 
by titration method as citric acid content, Total  soluble solids were determined as Brix 
by refractometer method, ascorbic acid was determined by volumetric method ( 2,6-
dichlorophenolinol indophenols), and the total carotenoid was determined by 
spectrophotometric analysis. 
Table ‎4-4 Essential composition in tomato fruit ripening after storage using ozone 
treatment and control sample 
4.1.2.1 Titratable acidity and total soluble solids 
There are several methods to determine total titratable acidity (pH-meter, electro metric 
method and titration method) of which the titration method is suitable for pink colour 
samples. Therefore this method was selected for reliability of the sample of this 
research. 
Titratable acidity was not affected by ozone treatment. At the end of the storage period 
there were no significant differences among control and ozone treated fruits  
(Figure 4-1). Controlled fruits had a significant increase in total soluble solids content 
Chemical Analysis Control 0.25 O3 mg/g tomatoes 
Titratable acidity % 0.42 0.43 
ToTotal soluble solids % 5.2 4.2 
Total Carotene µg/g FW   87.82 8.60 
Ascorbic acid mg/100 g FW   10.95 16.43 
Tomatoes /gmg 1.2
g 8.139
6025.020
m
tCQ
OD
t
exp00





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Figure ‎4-2 Total carotene and ascorbic acid content in control  
 sample 
 
(5.2
o
 Brix), whereas fruits treated with ozone had an average total soluble solids content 
of (4.2
o
 Brix) (Figure 4-1). 
 
 
 
 
 
 
4.1.2.2 Total carotenoids and ascorbic acid 
The content of carotenoid in tomato fruit has been analysed by different methods in a 
conventional way (spectrophotometric analysis and HPLC analysis) Spectrophotometric   
analysis of tray experiment sample extract showed the effectiveness of ethanolic 
extraction of all pigments; therefore the absorption spectra of total fruit extract by UV-
Vis spectrophotometer for carotenoid determination was selected for reliable this 
experiment.  
 
 
0
20
40
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80
100
Total Carotene µg/g FW  Ascorbic acid mg/100 g FW  
Control
Treatment
Figure ‎4-1 TA and TSS in control and treated sample 
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Determination of Vitamin C (Ascorbic Acid): The ascorbic acid content in fruits and 
vegetables can be estimated by several different methods (volumetric methods, 
photometric method, spectrophotometric method), The ascorbic acid content in tomato 
fruits in this experiment is estimated by (volumetric methods) extracting the sample 
with stabilising agents such as 2 % meta-phosphonc acid, where the principle is that (2, 
6 dichlorophenol) is reduced to a colourless form by ascorbic acid. The reaction is 
specific for ascorbic acid at pH 1 to 3.5. The dye is blue in alkaline solution and red in 
acid. 
Total carotenoid pigment synthesis and appearance of ripening were further delayed. At 
the end of the storage period, controlled fruits contained around 10% more total 
carotenoids than fruits treated with 0.25 mg O3/g tomatoes (Figure 4-2). 
The control fruits had a significant decrease in ascorbic acid content (10.95), whereas 
fruits treated with ozone had an average of ascorbic acid content (16.43) (Figure 4-2). 
4.1.2.3 External appearance of the fruit 
After seven days in storage, there was a significant difference in colour development 
between controlled fruits and ozone treated fruits Figure 4-3. 
This experiment was conducted on half ripen tomato to establish the optimum design 
system for the controlled atmosphere technique an ozone atmosphere. 
As described in section (3.2.1) various modifications were made on the reactor design. 
Glass tubing instead of the glass box chamber in the design was required for further 
experiments. 
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    Non treated                                   Treated 
 
 
 
 
 
 
 
The objective of this experiment was to extend the shelf life of tomato fruit under 
storage. In this experiment the chemical analysis (titratable acidity, total soluble solids, 
ascorbic acid, total carotene and development of colour) was measured. A test 
experiment using lower concentration of ozone and shorter contact time was sufficient 
in controlled atmosphere for delaying the ripening.  
4.2 Effect of Different Ozone Doses on (Rio Grande) Green Tomatoes 
Post-harvest 
Rio Grande green tomatoes were harvested from a farm in Libya during the summer 
season (2007). Fruits were selected and graded by colour (green), size (diameter = 46±2 
mm) and mass (65 ±5 g) and placed inside the 4 glass chambers in the reactor to be 
ozonated at 3 different ozone doses (Air +2, Air + 7 and Air + 21 mg O3/g tomatoes) 
where one chamber was not treated with ozone (control). They were stored for 14 days 
under humidity of 90-95% and temperature of 17 ± 2 C
0 
respectively. 
Experimental ozonation doses were selected after a test experiment showed that lower 
doses of ozone and shorter contact time were sufficient to delay the ripening of the 
tomato fruits without any damage on the fruit surface [reactor A (Air 400 ml/min), 
Figure ‎4-3 Colour development after storage 
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reactor B (Air + 2 mg O3/g tomatoes), reactor C (Air + 7 mg O3/g tomatoes), and reactor 
D (Air + 21 mg O3/g tomatoes)]. 
Ozone doses (OD) were: 
 
  
 
 
 
 
The weight loss, external appearance of the fruit and other quality parameters such as 
titratable acidity (TA), total soluble solids (TSS), ascorbic acid (AA) and total carotene 
were measured. Each parameter is discussed separately in the following section.   
4.2.1 Weight loss % 
Differences in percentages of weight loss between treatments were very small. They 
were 1.1, 1.3, 1.8 and 2.1% for the treatments in air, air + 2 mg O3/g tomato, air + 7 mg 
O3/g tomato, air + 21 mg O3/g tomato respectively. These results were close to those of 
(Palou et al., 2002) for weight loss during storage under continuous ozone exposure at 
0.3 ppm when water loss increased after 5 weeks storage at 5 °C and 90% relative 
humidity in peaches, but not after 4 weeks of storage in grapes. Nadas et al. (2003) 
stored strawberries for 3 days at 2 °C in air treated with 1.5 ppm of ozone and then 
transferred to room temperature.  
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Ozone treated fruits showed less weight loss than the non-treated samples after cold 
storage. Nevertheless, differences were not significant at the end of the consequent 
period at ambient conditions. It is likely that, ozone treatment reduced water loss during 
the transpiration of the fruit, but this effect disappeared when the fruit was returned to 
ambient conditions and air. The weight loss of non treated fruit then increased (Nadas et 
al., 2003). Total weight loss recorded by Moneruzzaman et al. (2009) for tomato during 
postharvest storage was increased by the increase of storage period. It increased from 
6.28% on the third day of storage to 13.31% on the 12
th
 day in the mature green fruits. 
In full ripe and half ripe fruits, weight loss followed a similar trend to that of mature 
green fruits. Besides, maximum shelf life (13 days) was recorded for mature green 
tomatoes followed by half ripe (12 days) and full ripe fruits (10.33 days) compared with 
12.67 days for fruits under the control treatment.  Nasrin et al. (2008) showed that 
tomato treated with chlorine, packed in perforated polyethylene bags and kept in a 
refrigerator had the minimum weight loss (4.9%) compared with non treated fruits 
(7.49%). Guillen et al. (2007) recorded a weight loss of 1.89% for tomatoes by the use 
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Figure ‎4-4 Treatment doses vs weight loss 
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of 1-methylcyclopropene (1-MCP) at 0.5µ/L
-1
 for 24 hour; this was the most effective 
combination for delaying the weight loss. 
4.2.2 External appearance of the fruit 
The change in colour and surface damage on the fruits was recorded by taking 
photographs on day 1, day 7, day 10 and day 14. Figure 4-5 shows the effect of ozone 
on the delay in the development of colour on the surface of the tomatoes. The difference 
between treated tomatoes and the control sample is significant particularly in the low 
dose of ozone (air + 2 mg O3/g tomato) which kept the green colour for a period longer 
than in the treatments using the high dose of ozone. Similar results to our findings were 
observed by Garcia and coworkers. (1998) who obtained delay in the development of 
colour on the surface of navel oranges (Lanelate Navelate and Salustiana) and two 
mandarin (Fortune and Ortanique) varieties at 5 °C in 0.I ppm (µL/L) where the ozone 
atmosphere was higher. 
 
 
 
 
 
 
 
 
 
Figure ‎4-5 Development of colour on the surface of the tomatoes, A: Air , (B: 
Air +2 mg O3/g tomatoes, C: Air + 7 mg O3/g tomatoes, D: Air + 21 mg O3/g 
tomatoes) 
 
Before Treatment  After 7 days  After 10 days  After 14 days  
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Ozone treatments were reported to have slight effects on the anthocyanins content in 
strawberries (Pcrez, 1999) and blackberries (Barth, 1995) Anthocyanin content in 
blackberries stored in air and at 0.1 ppm ozone, remained stable and fluctuated in the 
0.3 ppm ozone treated samples during storage. The red colour of the fruit remained 
intact and was best in 0.3 ppm ozone treated samples. Barth (1995) also reported that 
the undesirable colour change from green to yellow in broccoli was significantly less 
pronounced for ozone treated samples. (Skog, 2001).  Nevertheless, ozone was reported 
to change the surface colour of some products such as peaches (Budiani, 1996) and 
carrots (Liew and Prange, 1994). 
The most obvious external change which occurs in tomatoes during ripening is 
associated with the loss of chlorophyll and the accumulation of lycopene (Saltviet 
2005). Lingegowdara (2007) found that treatment of tomatoes with UV-C during 
storage significantly delayed the development of colour in the fruits when compared 
with the control samples. He found too that the duration of storage had significant 
influence on the values of colour rating. 
 
 
 
 
 
 
 
 
Figure ‎4-6 Fruit surface after 14 days of treatment under controlled storage 
Air Air + 2 mg O3/g 
tomato 
Air + 7 mg O3/g 
 
Air + 21 mg O3/g 
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It can be seen from Figure 4-6 that small brown spots appeared on the tomatoes surface 
using the high dose of ozone (air +7 mg O3/g tomato, air + 21 mg O3/g tomato) at the 
end of the treatment. 
In persimmon no significant differences were found in colour development between 
control and ozonated samples using 0.15 ppm of ozone (Salvador et al., 2006). On the 
other hand, ozone treatments have been found to delay colour development in each of 
citrus fruits (Nadas et al., 2000) and carrot (Liew and Prange, 1994). 
Guillen et al. (2007) recorded significant changes in the colour of tomato between the 
time of harvest and 7 days at 10 
o
C after harvest. These changes were significantly 
reduced in 1-methylcyclopropene treated tomatoes; the most effective treatment was 
0.5µ/L
-1
 for 24 hours. Ethanol vapour of 5% delayed the change of green colour in 
tomatoes. After the period of ethanol vapour exposure and during storage at 14 
o
C, the 
subsequent ripening development was strongly delayed, while the period required to 
reach the red-ripe stage showed a significant increase (Ait-Ala., 1999). Also, Huber et 
al. (2003) obtained a doubling in the shelf life of tomatoes treated by  
1-methylcyclopropene at 20
 o
C this indicated that 1-methylcyclopropene is effective in 
slowing postharvest ripening even when applied after ripening has started. The same 
authors found that the green colour of avocado fruit was maintained longer after 
exposure to 1-methylcyclopropene. Arias et al. (2005) found similar results concerning 
the maintenance of the green colour in avocado treated with 1-methylcyclopropene. 
4.2.3 Total soluble solids (TSS) 
Figure 3-7 shows the effect of ozone doses on TSS of Rio Grande tomatoes. It was 
found that ozone reduced TSS by about 10% at the lowest ozone dose of 2 mg/g and by 
about 6% at higher ozone doses. These results seem in agreement with Salvador (2006) 
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for the storage of persimmon fruit and Ridley and Sims (1967) for peaches. Ciarcia and 
coworkers (1998) reported that storage of three navel oranges (Lanelate, Navelate and 
Salustiana) and two mandarin (Fortune and Ortanique) varieties stored at 5 °C in 0.1 
ppm (µL/L) ozone did not affect the soluble solids content of citrus fruits during 
storage. 
 
 
 
It was noticed that the variety Rio Grande contained low percentages of total soluble 
solids because it is a field crop specialized for processing compared with other varieties 
grown in green houses for fresh usage. Since solids materials in these fruits were small, 
concentration of small and essential constituents were calculated on the basis of fresh 
mass of fruits. In comparison with ultra-violet-C (UV-C) treatment of tomato, 
Lingegowdaru (2007) observed a general decline for both control and UV-C treated 
fruits. The changes were significantly influenced by the duration of storage and by the 
interaction of storage ripening. As ripening progressed (after 10 days of cold storage), 
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TSS content increased in both control and UV-C treated fruits. No significant 
differences were found in totally soluble solids content of perisimon between control 
and ozonated perisimon at different periods of storage (Salvador et al., 2006). Skog and 
Chu (2001) found no significant difference in totally soluble solids between ozonated 
and non-ozonated apples. 
4.2.4 Titratable acidity (TA) 
It was observed in the Rio Grande (Figure 4-8) that ozone had no significant effect on 
the content of total acidity of tomatoes. Similarly, no significant effect of ozone on TA 
was reported by Garcia et al. (1998) for the storage of three navel oranges 
(Lanelate.Navelate and Salustiana) and two mandarin  (Fortune and Ortanique)  
varieties at 5 °C in 0.1 ppm (µL/L), while Perez et al. (1999) reported a similar finding 
for the storage of strawberries.  
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In the study by Honeruzzaman (2009), the half ripe tomatoes pulp contained the highest 
quality of total titrable acidity (0.48%) followed by full ripe (0.47%) and mature green 
tomatoes (0.44%). He found a significant difference between the acidity of uncovered 
tomatoes and tomatoes covered with polyethylene during storage. Lingegowdaru (2007) 
showed a significant reduction in titratable acidity as the storage and ripening period of 
tomatoes prolonged, but the content was not affected by the treatment with UV-C. The 
initial acidity of the tomatoes (0.54%) was reduced slightly during storage irrespective 
of different treatments (Nasrin et al., 2008). In apples, Skog and Chu (2001) found no 
significant difference between ozonated and non-ozonated fruits.   
4.2.5 Ascorbic acid (AA) 
The ascorbic acid content of the Rio Grande tomatoes was 10.42, 10 and 10.37 after 
being treated with Air +2, Air + 7 and Air + 21 mg O3/g tomatoes doses of ozone 
respectively. The analysis showed that ozone did not affect the ascorbic acid content in 
tomato fruits, Figure 4-9. This reflects the importance of ozone in maintaining the 
nutritive value of these fruits which is consumed as fresh fruit or processed. 
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It is known that ascorbic acid reaches its highest level in the primary stage of maturity 
(yellow-orange fruits) and then declines in the later stages (Biacs et al., 1987).  
Generally, this behaviour was noticed in our experiments. Vitamin C (ascorbic acid), 
present in some fruits and vegetables, gives an added value to these foods due to its 
important nutritional implications. It was reported that ozone decreases ascorbic acid in 
broccoli florets (Lewis et al., 1996). In contrast, (Zhang et al., 2005) reported that there 
was no significant difference between the vitamin C content of celery samples treated 
with ozonated water and the control.  
Vitamin C maintenance after storage, in ozonated water and chlorine washed lettuce 
samples, was also similar to small decreases in vitamin C contents which were reported, 
compared with the initial values (Beltran, 2005). Additionally, an increase of ascorbic 
acid levels in spinach (Luwec et al., 1993), pumpkin leaves (Runieriet et al., 1996) and 
strawberries (Pcrez, 1999) was reported in response to ozone exposure. Changes in 
vitamin C and sugar contents in ozone treated products were reported to be a result of an 
antioxidative system that promotes the biosynthesis of vitamin C from carbohydrate 
reserves of the products (Pcrez, 1999). Food with high surface areas such as flowers and 
leafy vegetables would be most affected by ozone as reported by Rice et al. (1997). 
4.2.6 Total carotenoids 
Ozone had a clear effect on the accumulation of total carotenoids as nutritive pigments 
during the process of biosynthesis. It caused high inhibition of accumulation of 
carotenoids particularly in the treatment at low dose (air + 2 mg O3/g tomato) and also 
in the treatments of air + 7 mg O3/g tomato and air + 21 mg O3/g tomato compared with 
the control treatment (air). The high correlation between ozone and inhibition of the 
accumulation of total carotenoids reflects the importance of the present study in the 
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process of biosynthesis of natural pigments in tomato fruits. It was found that β-
carotene content of tomatoes increased during storage. In the study of Nasrin et al. 
(2008) it increased from 4.16 mg/100 g initially to 4.10-5.37 mg/100 g during the period 
of storage. It was noticed too that β-carotene was higher when tomatoes were packed in 
perforated polyethylene bag. 
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4.3 Effect of Different Ozone Doses on Carotenoids (β-Carotene and 
Lycopene) at Different Stages of Tomatoes Ripening 
β-Carotene and lycopene concentration were determined in this study using the HPLC 
method. About 20 kg of green, yellow and red stages of ripeness of tomatoes (Elegance) 
were obtained from a greenhouse, located in Hull, UK. They were harvested on 
different harvest dates (2/05/2008, 8/05/2008 and 16/05/2008) for each experiment; the 
tomatoes were selected, washed, dried and placed inside the glass reactors to be 
ozonated. 
Fruit from all the harvests were exposed to 0.25, 0.50 and 1 mg O3/g tomatoes and clean 
air (control) respectively for 5 days at 15 °C ± 2 and 90-95 % relative humidity. 
 
 
 
 
 
 
4.3.1 β-Carotene standard   
Figure 4-11 shows that the retention time for pure β-carotene using HPLC was 32.712 
min (peak 2). Results reported by Tzortzakis et al. (2007) (35.4 min) using the same 
method were close to our findings. 
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4.3.1.1 Effect of different ozone doses on β-carotene in tomatoes at green stage of 
ripeness   
 
 
 
 
 
Figure ‎4-12 Plot of β-carotene concentration (μg/g green 
tomatoes) versus ozone treatment doses 
Figure ‎4-11 HPLC profile of β-carotene standard (100 μg/ml) 
separated on Hi chrom column with gradient elution with solution A 
and solution B vs absorbance at OD 455 nm 
Tim. 
(min) 
Peak RT Area Height 
2 32.712 7037.030 221.082 
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The data shown in Figure 4-12, and subsequent Figures, was obtained according to the 
method is Section 3.6. Concentration of β-carotene in the green stage of tomatoes was 
reduced significantly (P<0.01) by the use of ozone (Figure 4-12). Values were 0.06, 
0.0135 and 0.16 μg/g of green tomatoes for the doses of ozone 0.25, 0.50 and 1.00 mg 
O3/g tomatoes respectively. In comparison the control treatment (air) was 0.76 μg /g of 
green tomatoes. 
4.3.1.2 Effect of different ozone doses on β-carotene in tomatoes at yellow stage of 
Ripeness 
 
 
 
 
 
 
 
 
 
 
Concentration of β-carotene in the yellow stage of tomatoes (Figure 4-13) was increased 
significantly (P<0.01) to values of 2.13 and 1.975 μg/g at the ozone doses of 0.25 and 
0.50 mg/g respectively compared with the concentration at ozone dose of 1.00 mg/g 
(1.40 μg/g). On the other hand, concentration of β-carotene at 0.25 and 0.50 mg/g of 
Figure ‎4-13 Plot of β-carotene concentration (μg/g yellow 
tomatoes) vs ozone treatment doses 
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ozone treatment were close to the β-carotene content (2.05 μg/g) in the tomatoes under 
the control treatment (air, no ozone treatment). 
 
4.3.1.3  Effect of different ozone doses on β-carotene in tomatoes at the red stage 
of ripeness     
 
 
 
A significant increase (P<0.01) in the concentration of β-carotene was observed at all 
the doses of ozone treatment compared with the untreated tomatoes in the red stage of 
ripeness. Values increased from 1.565 μg/g in the untreated fruits to 2.12, 2.275 and 
2.225 μg/g of β-carotene per gram of red tomatoes under the treatments of 0.25, 0.50 
and 1.00 mg of ozone per gram of tomatoes respectively.  The results of this study 
indicated that β-carotene in tomatoes increased with ripeness under ozone atmosphere, 
particularly under the low doses of ozone (0.25 and 0.50 mg ozone/g tomatoes). 
These results were in agreement with the findings of Tzortzakis et al. (2007) who 
reported that ozone-enriched atmosphere resulted in a two-to-three fold increase in β-
carotene content in tomatoes after a day of exposure to ozone. However, after six days 
Figure ‎4-14 Plot of β-carotene concentration (μg/g red 
tomatoes) vs ozone treatment doses 
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of exposure to ozone, there was no significant difference in the β-carotene content 
between fruits subjected to ozone- enrichment and those maintained throughout in clean 
air. On the other hand, results from this research has found that exposure of tomatoes to 
low doses of ozone (air +2 mg O3 - air + 21 mg O3/g tomato) inhibited the accumulation 
of carotenoids (21.3-28.5 mg/100 g of tomatoes) compared to air treatment (41.44 mg of 
carotenoids per 100 g of fresh weight tomato) (Shalluf et al., 2007). 
Henry et al. (2000) found that ozone caused the degradation of β-carotene and its 
isomers. They stated that, approximately 90 % of all-trans β-carotene, 9-cis β-carotene 
and β-cryptoxathine were lost after exposure to ozone for 7 hours. A similar loss in 
lycopene occurred offer only one hour of exposure to ozone. The degradation of all the 
carotenoid followed zero-order reaction kinetics with the following relative rates: 
lycopene > β-cryptoxathine > all-trans β-carotene > 9-cis β-carotene. Studies on other 
fruits indicated that concentration of β-carotene in pepper increased significantly with 
ripening (Navarro et al., 2006). Also Howard et al. (1994) and Markus et al. (1999) 
found that pepper ripeness is associated with carotenoid accumulation. In the same 
trend, Gnayfeed et al. (2001) reported that the highest levels of   β-carotene in pepper 
have been found in fully-ripe fruits. It was found that the β-carotene content of tomatoes 
increased during storage. In the study of Nasrin et al. (2008) it increased from 4.16 
mg/100 g initially to 4.10-5.37 mg/100 g during the period of storage. It was also 
noticed that β-carotene concentration was higher when the tomatoes were packed in 
perforated polyethylene bags. 
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HO
 
 
Figure ‎4-15 Structures of β-carotene; 9-cis-β-carotene; β-cryptoxathine and 
lycopene 
4.3.2  Lycopene standard 
The terms of retention time for pure lycopene were found to be 30.35 min (peak 2, 
Figure 4-16). Similar results were obtained by Tzortzakis et al. (2007) using the same 
analytical method. 
 
 
 
 
 
 
 
 
 
 
Figure ‎4-16 HPLC profile of the lycopene standard (100 μg/ml) 
separated on Hi chrom column with gradient elution with 
solution A and solution B versus absorbance at OD 455 nm 
Time 
Peak RT Area Height 
2 30.358 98.17 13.065 
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4.3.2.1 Effect of different ozone doses on lycopene in tomatoes at green stage of 
ripeness   
Concentration of lycopene in green tomatoes increased significantly (P<0.05) from 
0.955 μg/g when the dose of ozone was from 0.25 mg/g to 1.92 and 2.05 μg/g under the 
treatments of ozone doses of 0.50 and 1.00 mg/g respectively. The level of lycopene in 
green tomatoes under control treatment (air) was 2.50 μg/g of tomatoes. It was noticed 
(Figures 4-17, 4-18 and 4-19) that ozonated tomatoes contained less lycopene than 
untreated tomatoes in all stages of ripeness. 
 
 
 
 
 
 
 
4.3.2.2 Effect of different ozone doses on lycopene in tomatoes at yellow stage of 
ripeness 
The use of ozone in the storage atmosphere of yellow tomatoes caused a significant 
decrease (P<0.01) in the concentration of lycopene to 138.00, 130.17 and 112.55 μg/g 
when ozone doses of 0.25, 0.50 and 1.00 mg/g were used respectively.   
Figure ‎4-17 Individual value plot of lycopene concentration 
(μg/g green tomatoes) vs ozone treatment doses 
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4.3.2.3 Effect of different ozone doses on lycopene in tomatoes at red stage of 
ripeness 
Concentration of lycopene in tomato fruits at the red stage of ripeness was raised to 
411.54 µg/g under the control conditions (air) compared to 188.74 µg/g when the 
tomatoes were in the yellow stage (Figures 4-18 and 4-19). 
Use of ozone caused a noticeable increase (P<0.05) in the concentration of lycopene in 
tomatoes in the red stage of ripeness. Values were 439.79, 467.51 and 524.89 μ g/g 
under the ozone atmosphere of 0.25, 0.50, and 1.00 mg/g of tomatoes respectively. 
 
 
Figure ‎4-18 Plot of lycopene concentration (μg/g yellow 
tomatoes) versus ozone treatment doses 
Figure ‎4-19 Plot of lycopene concentration (μg/g red 
tomatoes) vs ozone treatment doses 
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Changes in the concentration of lycopene in tomatoes in the different stages of ripeness 
(green, yellow and red) follow similar patterns to these of β-carotene concentrations. 
It is obvious from this study that lycopene content in tomatoes is affected by the stage of 
maturity. Other researchers (Abushita et al., 2000; Gomez et al., 2001; Thompson et al., 
2000) reported that the ripening stage of tomatoes can affect the lycopene content and 
the concentration of other antioxidants. Markus et al. (1999) stated that the ripeness of 
fruits is affected by the development of carotenoids. Navarro et al. (2006) found that β-
carotene concentrations in peppers were higher than lycopene but lycopene 
concentration increased more than β-carotene as a result of the ripening process in the 
peppers. 
Results of the present study showed that the use of ozone in the storage atmosphere of 
tomatoes did not increase the level of lycopene during the green stage or yellow stage 
but it caused high increases in the fruits in the red stage. Tzortzakis et al. (2007) found 
that one day exposure of tomatoes to ozone increased the content of lycopene 
significantly, but no significant differences were obtained between ozone treatments 
after the exposure for more than six days. It emerged from the study of Maguire and 
Solberg (1980) that ozone promoted lycopene accumulation in tomatoes, but they found 
that the tomatoes were devoid of lycopene after ripening. Moretti et al. (2002) found 
that use of 1-methylcyclopropene delayed ripening tomatoes. They found that at the end 
of the storage period, control fruits contained around 190 % more total carotenoids than 
fruits treated with 1-methylcyclopropene. The geographical location of tomato 
cultivation affected lycopene content; the level of 12 mg/100 g was observed in Iraq 
(Al-Wandawi et al., 1985), 54 mg/100 g in Canada (Sharma and Le Maguer, 1996), 5-
14 mg/100 g in India (George et al., 2004) and 6.5-10.2 mg/g in New Zealand (Toor and 
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Savage, 2005). The variation in the lycopene content of tomatoes obtained from the 
different parts of the world is probably due to differences in their growing conditions. 
Generally, the field grown tomatoes have been reported to contain higher levels of 
lycopene, ranging from 5.2 to 32.6 mg/100 g (Abushita et al., 2000; Gomez et al., 2001; 
Takeoka et al., 2001), whereas, the green house grown tomatoes are reported to contain 
lycopene between 0.1 and 10.8 mg/100 g (Leonardi et al., 2000). 
Lycopene levels differ according to the tissue of the tomatoes. In this respect, Toor and 
Savage (2005) found that lycopene levels were the highest in the skin of tomatoes 
compared to levels in the seed or pulp. Sharma and Le Maguer (1996) showed that 
lycopene is mostly attached to the fibre fraction of the pulp. Lycopene content of 
tomatoes may differ significantly due to differences between lycopene in the skin of 3 
cultivars of tomatoes ranging from 6.5-10.2 mg/100 g. 
UV-C treatment was found to significantly lower the lycopene content of tomatoes 
(3102 µg/100 g FW) when compared to untreated fruits (3882 µg/100 g FW) and 
(Lingegowdaru, 2007). Lycopene pigment also showed significant differences due to 
storage duration and ripening time. Tomatoes ripened after storing for 10 days recorded 
significantly higher amounts of lycopene (3799 µg/100 g FW) than those ripened for 20 
days (3527 µg/100 g FW) and 3 days (3208 µg/100 g   FW). In addition fruits that were 
allowed to ripen for a longer duration (14 days) contained more lycopene than those 
ripened for 7 days. 
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4.4 Effect of different ozone doses on reduced ascorbic acid (AsA), 
dehydroascorbic acid (DHA), and total AsA+DHA concentrations, 
and the redox (AsA/AsA+DHA) and DHA/AsA ratios in pericarp 
tissue and pulp tissue in tomatoes at different stages of ripeness  
Greenhouse tomatoes (Elegance) in the green, yellow and red stages of ripeness which 
were obtained from Hull, UK, were harvested on different harvest dates (27/06/2008, 
03/07/2008 and 10/07/2008) for each experiment. The tomatoes were selected, washed, 
dried, and placed inside the glass reactors to be treated with ozone enriched air. 
Fruits from all the harvests were exposed to 0.25, 0.50 and 1 mgO3/g tomatoes and 
clean air for 5 days at 15 °C ± 2 and 90-95 % relative humidity respectively. 
4.4.1 Effect of different ozone doses on AsA, DHA, and total AsA +DHA 
concentrations, and the redox (AsA/AsA +DHA) and DHA/AsA ratios in 
pericarp tissues of green tomatoes  
Concentrations of AsA, DHA and total AsA+ DHA in the preicarp tissue of tomatoes 
during the green stage of ripeness decreased significantly (P<0.001) by the use of ozone 
(Figures 4-20, a, b, c). 
This decrease followed almost the same pattern in all the three cases (Figures 4-20 a, b 
and c). On the other hand, ratios of the redox (AsA/AsA+DHA) and DHA/AsA 
followed a different pattern (Figures 4-20, d, e). Ratios at ozone treatment doses (0, 
0.25, 0.50 and 1.00 mg/g) the ratio for redox (AsA/AsA+DHA) were 0.50, 0.51, 0.46 
and 0.50 respectively and the observed ratios for DHA/AsA were 0.97, 0.96, 1.11, and 
0.96 respectively. 
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Figure ‎4-20 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pericarp tissue of green tomatoes vs ozone 
treatment doses 
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4.4.2 Effect different of ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in 
pericarp tissue of yellow tomatoes      
 
 
 
Concentration of reduced ascorbic acid and dehydroascorbic acid and their total in 
pericarp tissue of tomatoes during the yellow stage of ripeness followed a similar 
Figure ‎4-21 Plots of AsA, DHA, and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pericarp tissue of yellow tomatoes vs 
ozone treatment doses 
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(Figure 4-21, a, b, c) but differed from those at the green stage. Values for reduced 
ascorbic acid, dehydroascorbic acid, and total of reduced and dehydroascorbic acid were 
17.14, 16.20 and 33.23 mg/100 g respectively for the air treatment, 21.47, 20.26, and 
41.73 mg/100 g respectively for ozone treatment of 0.25 mg/g, 17.06, 15.81 and 32.88 
mg/100 g respectively for ozone treatment of 0.50 mg/g, and 20.06, 19.31 and 39.38 
mg/100 g respectively for tomatoes at ozone treatment of 1.00 mg/g. Differences 
between these means were highly significant (P<0.001). Ratios of redox and DHA/AsA 
were 0.51 and 0.94 for tomatoes under air treatment, 0.50 and 0.94 for 0.25 ozone dose, 
0.52 and 0.92 for 0.50 ozone doses and 0.51 and 0.96 for tomatoes under the 1.00 mg/g 
of ozone treatment (Figure 4-21).      
4.4.3 Effect of different ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in 
pericarp tissue of red tomatoes  
Concentrations of reduced ascorbic acid and dehydroascorbic acid in the pericarp tissue 
of tomatoes during the red stage changed significantly (P<0.05) on ozone treatment 
during ripening (Figure 4-22, a, b, c). The highest concentrations were under the 
treatment of 0.50 mg ozone/g of tomatoes (30.43 mg/100 g for reduced ascorbic acid, 
29.32 for dehydroascorbic acid, and 59.75 for total of ascorbic acid and 
dehydroascorbic acid). The other three values of concentration (control, 0.25 and 1.00 
mg ozone) for each of reduced ascorbic acid and dehydroascorbic acid and total 
AsA+DHA were similar to (Figure 4-22, a, b, c). Ratios of redox and DHA/AsA are 
different for the different treatments of the tomatoes during the red stage of ripening. 
These differences were not significant. 
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Figure ‎4-22 Plots of AsA, DHA, and total AsA+DHA concentrations, and 
the redox (AsA/AsA+DHA) and DHA/AsA ratios in pericarp tissue of red 
tomatoes vs ozone treatment doses 
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4.4.4  Effect of different ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in 
the pulp tissue of green tomatoes 
 
 
 
The results are displayed in Figure 4-23. A concentration of reduced ascorbic acid in the 
pulp tissue of tomatoes under the green stage increased from 42.00 mg/100 g at air 
Figure ‎4-23 Plots of AsA, DHA, and total AsA+DHA concentrations, and 
the redox (AsA/AsA+DHA) and DHA/AsA ratios in pulp tissue of green 
tomatoes vs ozone treatment doses 
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treatment to 45.6 mg/100 g at 0.25 mg O3/g tomatoes where the atmosphere was used. 
The concentration then decreased significantly (P<0.001) to 33.80 and 32.76 mg/100 g 
at ozone treatments of 0.50 and 1.00 mg/g tomatoes. Concentrations of DHA (Figure  
4-23, b) and total of AsA+DHA (Figure 4-23 c) followed the same pattern to that of 
reduced ascorbic acid. The values for treatments with air, 0.25, 0.50 and 1.00 mg ozone 
were 41.12, 44.05, 34.75, and 31.15 mg/100 g respectively for DHA and 83.12, 89.65, 
68.53 and 63.91 mg/100 g respectively for concentration of total reduced and 
dehydroascorbic acid. 
Ratios of redox were different directions to those of DHA/AsA (Figure 4-23 d, e). 
Ratios at treatments of 0, 0.25, 0.50, and 1.00 mg of ozone were 0.50, 0.50, 0.49, and 
0.51 respectively for redox and 0.97, 0.97, 1.02, and 0.95 respectively for DHA/AsA. 
4.4.5 Effect of different ozone doses on AsA, DHA, and total AsA+DHA 
concentrations, and the redox (AsA/AsA+DHA) and DHA/AsA ratios in 
the pulp tissue of yellow tomatoes  
Estimates of reduced ascorbic acid, dehydroascorbic acid and total AsA+DHA in the 
pulp portion of tomatoes at the  yellow stage of ripeness dropped significantly 
(P<0.001) with the increased ozone in the storage atmosphere of the tomatoes treatment  
(Figure 4-24 a, b, c). Concentrations at storage treatments 0, 0.25, 0.50 and 1.00 mg/g of 
ozone were 40.25, 37.37, 28.15 and 20.13 mg/100 g respectively for AsA, 38.99, 36.16, 
26.68 and 19.31 mg/100 g respectively for dehydroascorbic acid, and 79.24,73.53, 
54.83, and 39.45 mg/100 g for total of reduced and dehydroascorbic acid. 
The highest ratio of redox (0.51, P<0.01) and the lowest ratio of DHA/AsA (0.94, not 
significant) were at the ozone treatment doses of 0.50 mg compared to other ratios 
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(0.50, 0.50 and 0.50 for redox and 0.96, 0.96, and 0.96 for DHA/AsA) for the following 
storage treatments air, 0.25 and 1.00 mg of ozone respectively (Figure 4-24 d, e). 
 
 
 
Figure ‎4-24 Plots of AsA, DHA and total AsA+DHA concentrations, and the redox 
(AsA/AsA+DHA) and DHA/AsA ratios in pulp tissue of yellow tomatoes vs ozone 
treatment doses 
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4.4.6 Effect of different ozone doses on reduced ascorbic acid, dehydroascorbic 
acid and total AsA+DHA concentrations, and the redox (AsA/AsA+DHA) 
and DHA/AsA ratios in the pulp tissue of tomatoes at red stage of ripeness 
 
 
 
Figure ‎4-25 Plots of AsA, DHA, and total AsA+DHA concentrations, and the 
redox (AsA/AsA+DHA) and DHA/AsA ratios in pulp tissue of red tomatoes vs 
ozone treatment doses 
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No significant differences were obtained between mean concentrations of reduced 
ascorbic acid, DHA and total AsA+DHA in the pulp portion of tomatoes tissue during 
the red stage of ripeness when the level of ozone in the storage atmosphere was vertical 
(Figure 4-25 a, b, c). Concentrations at storage treatments 0, 0.25, 0.50, and 1.00 mg 
O3/g tomatoes were 41.75, 43.68, 47.53, and 42.24 mg/100 g respectively for reduced 
ascorbic acid, 40.17, 42.82, 46.32, and 41.82 mg/100 g respectively for dehydroascorbic 
acid, and 81.92, 86.50, 93.85, and 84.06 mg/100 g respectively for total ascorbic acid. 
Ratio of redox (AsA/AsA+DHA) decreased very slightly from 0.505 (air treatment) to 
0.50 for each treatment of 0.25, 0.50, and 1.00 mg O3/g tomatoes (Figure 4-25 d). While 
ratios of DHA/AsA (Figure 4-25 e) increased significantly (P<0.01) from 0.95 (air 
treatment) to 0.97, 0.97, and 0.99 for ozone doses of 0.25, 0.50 and 1.00 mg/g of 
tomatoes. 
In the study by Tzortzakis et al. (2007) the ozone-enriched atmosphere resulted in no 
significant changes in ascorbic acid content or ascorbic acid redox status in the tomato 
pericarp or pulp tissue during or following ozone treatment. The average content of 
ascorbic acid in the skin of 3 cultivars of tomatoes was 16.8 mg/100 g (Toor and 
Savage, 2005). George et al. (2004) reported that the ascorbic acid content ranged from 
8-56 mg/100 g in the skin, and 8-32 mg/100 g in the pulp of tomatoes. However the 
results from this work did not find any significant effect for ozone on the content of 
ascorbic acid in tomato fruits (Shalluf et al., 2007). Navoro et al. (2006) found that the 
ascorbic acid content in peppers was dependent on the maturity state and that turning on 
red peppers had more than one order of magnitude more than green peppers. On the 
other hand, Howard et al. (2000) found that ascorbic acid increased or remained 
constant as peppers matured, then declined with further ripening (Gnayfeed et al., 
2001).   
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The decreased concentration of ascorbic acid in turning to red fruits was not due to a 
dilation effect, since total volume or fruit juice did not increase (Nagy, 1980). Markus et 
al. (1999) attributed this increase at the start of ripening and the later decrease with 
advanced ripening to the antioxidant role of ascorbic acid, which increases with the 
increasing respiration rate in climacteric fruits. 
Nasrin et al. (2008) reported a small decrease in the amount of ascorbic acid when 
tomatoes were packed in perforated polyethylene bags and kept in a refrigerator.   UV-C 
treatment was found to have a small impact on the ascorbic acid content of tomatoes. 
UV treated tomatoes had a higher vitamin C content (16.87 mg/100 g FW) than the 
control fruits (16.11 mg/100 g FW) (Lingegowdaru, 2007).  Storage period of 30 days 
(17.96 mg/100 g FW) was found to be better than 20 days (16.3 mg/100 g FW) allowing 
tomatoes to ripen in a longer period and resulting in higher ascorbic acid in the fruits.   
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4.5 Effect of different ozone doses on antioxidant activity in different 
tomato tissues and at different stages of ripening 
Green, yellow and red stages of ripeness (Elegance tomatoes) from green house in Hull, 
UK, were harvested at different dates (05/09/08, 11/09/08 and 17/09/08) for each 
experiment. The tomatoes were cleaned and placed inside the glass reactors and 
ozonated at 0.25, 0.50 and 1 mg O3/g tomatoes and clean air respectively for 5 days at 
15 °C ± 2 and 90-95 % relative humidity respectively.  
4.5.1 Standard curve for the interaction of ABTS with Trolox 
The standard curve for the interaction of ABTS with trolox was required prior to 
determining the antioxidant activity of tissues of tomato. The standard curve is shown in 
Figure 2-26. 
 
 
 
 
 
 
Final Concentration (μM) of Trolox antioxidant 
Figure ‎4-26 Standard curves for the interaction of ABTS**with Trolox. The 
y axis represents the % of the maxim absorbance at 734 nm remaining 
[100%=0.70] 
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4.5.2 Effect of different ozone doses on antioxidant activity in the pericarp 
tissue of green tomatoes 
 
 
 
 
Use of 1.00 mg of ozone per gram of tomatoes in the storage atmosphere of the green 
stage tomatoes promoted the development of antioxidants significantly (P<0.001) as 
measured in the pericarp portion of the tomatoes (Figure 4-27). This activity was 224.18 
μM TEAC in comparison with values of 191.88, 192.84, and 193.86 μM TEAC in 
tomatoes under the treatment of 0.50, 0.25 and 0 ozone dose respectively. 
4.5.3 Effect of different ozone doses on antioxidant activity in the pericarp 
tissue of yellow tomatoes 
The lowest (P<0.001) activity of antioxidants in the pericarp tissue of tomatoes at the 
yellow stage of ripening was recorded in the tomatoes under the dose of 0.25 mgO3/g 
tomatoes (Figure 4-28).  
Figure ‎4-27 Plot of antioxidant activity concentration (μM 
TEAC) in the pericarp tissue of green tomatoes vs ozone 
treatment doses 
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Antioxidant activity values were 235.28, 227.05, 237.04 and 235.83 μM of TEAC for 
ozone atmospheres doses of 0, 0.25, 0.50 and 1.00 mgO3/g tomatoes respectively. 
 
 
 
4.5.4 Effect of different ozone doses on antioxidant activity in the pericarp 
tissue of red tomatoes 
 
 
 
Figure ‎4-28 Plots of antioxidant activity concentration (μM of 
TEAC) in the pericarp tissue of yellow tomatoes vs ozone 
treatment doses 
Figure ‎4-29 Plot of antioxidant activity concentration (μM of 
TEAC) in the pericarp tissue of red tomatoes vs ozone treatment 
doses 
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Figure 4-29 shows a significant (P<0.001) decrease in antioxidant activity in the 
pericarp tissue of tomatoes during the red stage of ripeness by the use of increased 
concentration of ozone in the storage atmosphere of tomatoes. The values were 233.84, 
226.39, 227.50 and 207.08 μM of TEAC for 0, 0.25, 0.50 and 1.00 mg O3/g tomatoes 
respectively. 
4.5.5 Effect of different ozone doses on antioxidant activity in the pulp tissue of 
green tomatoes 
Figure 4-30 shows a significant (P<0.001) increase in the antioxidant activity in the 
pulp tissue of tomatoes at the green stage when were stored under an ozone enriched 
atmosphere. 
 
 
 
 
 
Figure ‎4-30 Plot of antioxidant activity concentration (μM 
of TEAC) in the pulp tissue of green tomatoes vs ozone 
treatment doses 
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Values of 194.46, 205.48, 220.57 and 227.80 μM of TEAC were obtained for the pulp 
tissue of green tomatoes for atmosphere of 0, 0.25, 0.50 and 1.00 mg O3/g tomatoes.  
4.5.6 Effect of different ozone doses on antioxidant activity in pulp tissue of 
yellow tomatoes 
Development of antioxidant activity in the pulp tissue of tomatoes at the yellow stage of 
ripeness followed the same trend to that in the pericarp tissue of the tomatoes at the 
same stage of ripeness (Figure 4-30). Differences between mean values were highly 
significant (P<0.001).  
 
 
 
 
4.5.7 Effect of different doses of ozone on antioxidant activity in the pulp tissue 
of red tomatoes 
Similar to the pericarp tissue, the lowest (P<0.001) antioxidant activity in the pulp tissue 
of tomatoes during the red stage of maturity was recorded under ozone enriched storage 
Figure ‎4-31Plot of antioxidant activity concentration (μM of 
TEAC) in the pulp tissue of yellow tomatoes vs ozone 
treatment doses 
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atmosphere of 1.00 mg O3/g tomatoes (Figure 4-32). This value was 159.76 μM of 
TEAC compared to values at 0.25 and 0.50 mgO3/ g tomatoes (228.67 and 218.21 μM 
of TEAC respectively) or the value under control conditions (229.87 μM of TEAC). 
 
 
 
Tzortzakis et al. (2007) found a significant transient increase in antioxidant activity in 
the pericarp tissue of tomatoes after a day’s exposure to ozone with no significant 
changes in the antioxidant properties in the pulp tissue. The study by Toor and Savage 
(2005) revealed that the skin of tomatoes had significantly higher antioxidant activity 
compared to pulp and seeds. It was found too that antioxidant activity in the hydrophilic 
extracts of skin, seeds and pulp was the major contributor (91-93%) to the total 
antioxidant activity of the fractions. Mean antioxidant activity in the hydrophilic 
fraction of 3 cultivars of tomatoes were 212 μM of TEAC/100 g for skin and 82 μM of 
TEAC/100 g for the pulp as found by Toor and Savage (2005). They calculated that 
pulp, skin and the seeds contributed 48, 29 and 23% respectively to the total antioxidant 
activity. Hence skin and seeds can be considered as important contributors to the overall 
antioxidant activity of tomatoes (52%). Therefore, removal of the skin and seeds from 
Figure ‎4-32 Plot of antioxidant activity Concentration (μM of 
TEAC) in pulp tissue of red tomatoes vs ozone treatment 
doses 
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tomatoes during the fresh consumption or preparation of processed tomato products 
means a loss of antioxidants. Antioxidant activity in peppers was found to increase with 
maturation (Navarro et al., 2006 and Howard et al., 2000).      
Doses of UV did not produce any significant antioxidant activity in tomatoes 
(Lingegowdaru, 2007).  However,   TEAC was found to be influenced by the duration 
of storage and ripening; storage for 20 days 30 days showed higher TEAC in tomatoes 
than fruits stored for 10 days. Tomatoes ripened for 14 days had higher antioxidant 
activity than thise ripened for 7 days. 
Ozone is expected to cause the loss of antioxidant constituents because of its strong 
oxidizing activity. However, ozone washing treatment was reported to have no effect on 
the final phenolic content of fresh-cut iceberg lettuce (Beltran, 2005). Baur et al. (2004) 
reported that caffeic acid derivatives in lettuce slightly decreased after washing with 
ozonated water. Additionally, Sarig et al. (1996) reported that ozone induced resveratrol 
and pterostilbene phytoalexins in table grapes, making the fruit more resistant to 
subsequent infections.  
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4.6 Effect of different ozone doses on glucose and fructose content at 
different stages of tomatoes ripeness 
Tomatoes at green, yellow and red stages of ripeness (Elegance tomatoes) from a 
greenhouse in Hull, UK were placed inside the glass reactors and ozonated at  0.25, 0.50 
and 1 mg O3/g tomatoes and clean air for 5 days respectively at 15 °C ± 2 and 90-95 % 
relative humidity respectively. 
The time recommended by the procedure for enzymatic reaction with glucose and 
Fructose in fruit is between 10-15 min for the extract diluted 50 and 60 fold. The 
experiments were conducted using UV spectrophotometry. 
 
 
 
Figure ‎4-33 Absorbance vs time in extracts diluted 50 fold 
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Figure ‎4-34 Absorbance vs time in extracts diluted 60 fold 
 
 
4.6.1 Effect of different ozone doses on glucose content in tomatoes at the green 
stage of ripeness 
The highest value of glucose in green tomatoes was in the fruits exposed to ozone in a 
dose of 0.50 mg/g (14.83 g/kg) followed by fruits stored under ozone enriched 
atmosphere of 0.25 mg/g (13.88 g/kg) and 1.00 mg/g (12.69 g/kg). Differences between 
these values were significant at 0.01 level of probability. Concentration of glucose in 
the untreated tomatoes (air) was 12.00 g/kg (Figure 4-35).  
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4.6.2 Effect of different ozone doses on glucose in tomatoes at the yellow stage of 
ripeness 
 
 
 
Concentrations of glucose in tomatoes at the yellow stage increased under exposure to 
ozone and with the increase in ozone dose. The values recorded were 14.74, 15.60, 
Figure ‎4-35 Plots of glucose concentration (g/kg green tomatoes) vs 
ozone treatment doses 
Figure ‎4-36 Plots of glucose concentration (g/kg yellow tomatoes) vs 
ozone treatment doses 
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16.21 and17.65 g/kg for the treatments 0, 0.25, 0.50 and 1.00 mg of ozone per gram of 
tomatoes (Figure 4-36). Significant differences (P< 0.01) were found between the 
means. 
4.6.3 Effect of different ozone doses on glucose in tomatoes in the red stage of 
ripeness  
The concentration of glucose in the red stage tomatoes was for the treatment at 0.50 mg 
ozone per gram of tomatoes (Figure 4-37). This value (18.06 g/kg) differed significantly 
(P<0.01) from values for the treatments of ozone 0.25 mg/g (17.67 g/kg), 1.00 mg/g 
(17.42 g/kg) and 0 mg/g (16.04 g/kg).  
 
 
 
 
 
Figure ‎4-37 Plot of glucose concentration (g/kg red tomatoes) vs 
ozone treatment doses 
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4.6.4 Effect of different ozone doses on fructose content in tomatoes at the green 
stage of ripeness 
Fructose concentration in the tomatoes at the green stage increased with the use of 
ozone in the storage atmosphere. Values recorded were 11.0 4, 11.26, 11.73 and 11.64 
g/kg of tomato under treatment doses of 0, 0.25, 0.50 and 1.00 mg/g respectively 
(Figure 4-38). 
 
 
 
 
 
4.6.5 Effect of different ozone doses on fructose content in tomatoes in the 
yellow stage of ripeness 
Figure 4-39 shows significant increases (P<0.01) in the contents of fructose in the 
yellow stage of ripeness with increasing ozone dose. The lowest content (15.38 g/kg) 
was in the control treatment (air) and the highest (16.95 g/kg) was observed when 0.50 
Figure ‎4-38 Plot of fructose concentration (g/kg green tomatoes) vs 
ozone treatment doses 
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mg of ozone per gram of tomatoes was used. On the other hand, doses of ozone of 0.25 
and 1.00 mg/g were 16.20 and 16.38 mg/g respectively. 
 
 
 
 
4.6.6 Effect of different ozone doses on fructose content in tomatoes in the red 
stage of ripeness 
Concentrations of fructose in tomatoes in the red stage of ripeness under the different 
treatments doses of ozone (Figure 4-40) follow similar patterns to those in the yellow 
and green stages. Mean value concentrations of fructose increased significantly 
(P<0.01) from 16.61 g/kg in the tomatoes under control treatment (air) to 17.35 g/kg in 
tomatoes of the 0.25 mg/g ozone dose and to 18.14 g/kg in tomatoes under 0.50 mg/g 
ozone dose. A lower concentration (17.44 g/kg) was obtained for red tomatoes treatment 
with an ozone dose of 1.00 mg /g. 
 
Figure ‎4-39 Plot of fructose concentration (g/kg yellow 
tomatoes) vs ozone treatment doses 
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Results from previous studies indicated that storage of tomatoes in ozone enriched 
atmosphere resulted in increased levels of soluble sugars, especially glucose and 
fructose (Tzottzakis et al., 2007). Preference for ozone treated tomatoes in which levels 
of glucose and fructose were following ozone treatment is consistent with the 
recognised influence of non-structural carbohydrate: organic acid balance on the taste 
(degree of sweetness and sourness) and flavour of tomatoes as perceived by senses 
(Malundo et al., 1995). These findings were consistent with the reported increase in 
glucose and fructose content reported in tomatoes (Aguago et al., 2006) and 
strawberries (Kute et al., 1995) in response to low atmospheric ozone enrichment. 
Ozonated water treatment resulted in no significant difference in total sugar content of 
celery (Zhang et al., 2005). Perez et al. (1999) stored strawberries for 3 days at 2 °C in 
an atmosphere storage containing 0.35 ppm ozone, and after that they were transferred 
to 20 °C and stored for 4 days. Sucrose contents of treated and non-treated fruits 
decreased with the storage. A fluctuation in glucose and fructose levels was from day 0 
Figure ‎4-40 Plot of fructose concentration (g/kg red tomatoes) 
vs ozone treatment doses 
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to day 5. The pattern of conversion of sucrose into glucose and fructose is significantly 
different in treated and non-treated fruits. A low content of sucrose, glucose and 
fructose was measured on the third day of storage. This might be due to an activation of 
sucrose degradation pathways in response to the oxidative stress caused by ozone 
(Pcrez, 1999). 
Sugars, as natural food ingredients, have a role in ascorbic acid stability (Birch and 
pepper, 1983). In general foods containing ascorbic acid usually are characterized by 
high carbohydrate content. Peppers have high vitamin C content (Lee and Kader, 2000) 
and a high sugar concentration. Concentrations of glucose and fructose increased 
significantly with maturation, with the red peppers fruits having the highest levels as 
reported by Navarro et al. (2006). On the other hand, sucrose decreased with maturation 
to non-detectable levels in red peppers (Lee et al., 1999). 
The general trend observed during the storage of tomatoes was an initial increase 
followed by a decrease during the later stage of storage. A particularly pronounced 
increase occurred with the appearance of yellow pigmentation. The increase in reducing 
sugars could be due to the break down of polysaccharides into water soluble sugars such 
as glucose, fructose and sucrose. However, as storage time advances, reducing sugar 
content declined (Melkamu et al., 2008).  Sugar content of tomatoes was also affected 
by storage temperature. A considerable decrease in the reducing sugar content was 
found in tomatoes stored at ambient conditions. Sugar was better maintained in 
tomatoes stored under a cooled environment (Melkamu et al., 2008), Seyoum (2002) 
also reported that reduced temperature storage reduced fruit metabolism, particularly 
respiratory activity, delaying the ripening process and increasing the fruit shelf life.  
Moneruzzaman et al. (2009) found that total sugar content was increased with the 
advancement of ripeness irrespective of the maturity condition. The highest quantity of 
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total sugar (4.03%) was recorded in fully ripened tomatoes, while it was the lowest 
quantity (3.30%) in mature green tomatoes on the 12
th
 day of storage. Ripening 
conditions were found to be affected significantly on the total sugar content of tomatoes 
at different storage durations. In strawberries, it was found that sucrose content 
decreased with storage time from an initial value of 19.9 mg/g of fresh weight on day 0 
to about 45% at the end of shelf life (day 7) in both ozone treated and non-treated fruits. 
A decrease in sucrose content and an increase in glucose and fructose levels were 
observed from day 0 to day 5 (Perez et al., 1999). 
4.7 Summary 
Initial experiments, conducted using the first generation reactor, with 0.25 mg O3/g 
tomato showed that there was no significant effect on titratable acidity, total soluble 
solids and ascorbic acid on the CA storage of tomatoes using ozone. However, a 
considerable effect was observed on the total carotene content when compared to the 
control sample. 
Subsequent experiments were conducted in the second generation reactor using green 
tomatoes (Rio Grande) which were treated with ozone enriched air [(air + 2, 7 and 21 
mg O3/g tomato) and control (air only)]. Tomatoes were sampled after 14 days of ozone 
treatment; the development of clour was delayed and the optimum dose for this was 2 
mg O3/g tomato. There was no significant effect on weight loss, titratable acidity and 
ascorbic acid content. The Total Soluble Solids (TSS) was reduced by 10% and 
carotenoid biosynthesis was inhibited. Interestingly, black spots were observed on the 
surface of the fruit at the higher doze.    
The tomatoes (Elegance) at different stages of ripening (green, yellow and red) were 
subjected to treatment with different ozone dozes for 6 days. The treated tomatoes in the 
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red stage contained higher β-carotene and lycopene than the control tomatoes.  There 
were no significant changes in ascorbic acid content in the pericarp and pulp of tomato 
tissue. It is important to note that the concentrations of sugars (glucose and fructose) 
increased in the tomatoes which were subjected to ozone treatments. This is of 
significance for sensory tests (flavour). 
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Chapter 5:   Conclusions and Future work 
5.1 Conclusions 
This study was designed to focus on the effect of different ozone doses on the basic 
components and properties of quality and dynamic maturity of tomatoes produced in 
field agriculture (farm) as green tomatoes (Rio Grande). It also included a study on the 
effect of different doses of ozone on the antioxidant and sugar compounds during the 
different stages of ripeness of the variety Elegance tomatoes, produced by protected 
agriculture (green house). Many of the findings and conclusions can be important for 
future developments in this area, particularly the points listed below. 
1) The effects of different ozone doses on the basic components and the properties of 
quality and dynamic maturity of green tomatoes (Rio Grande) produced by field 
agriculture: 
 The post-harvest ozone treatment at the end of the storage period on green 
tomatoes (Rio Grande) was clearly significant, showing that ozone delayed 
the development of colour on the surface of the tomatoes, particularly in the 
low dose of ozone which kept the green colour for a period longer than the 
treatments of high ozone doses.  
 Ozone caused black spots on the surface of the tomatoes particularly in 
higher ozone doses.  
 Differences in percentages of mass loss between treatments were very small.  
 The results showed that titratable acidity was not affected by the ozone 
treatment.  
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 Ozone reduced TSS by about 10% at the lowest ozone dose of 2 mg/g and by 
about 6% at higher ozone doses.  
 Ozone did not affect the ascorbic acid content in tomato fruits.  
 Ozone caused a high inhibition of accumulation of carotenoids particularly 
in the treatment at low dose. 
2) The effects of ozone on the antioxidant and sugar compounds at the different 
stages of ripeness of Elegance tomatoes  produced by protected agriculture (green 
house) are:  
 Results showed that fruits under ozone treatmented tomatoes contained 
higher β-carotene than those under the control treatment (air).  Ozone 
caused an increase of lycopene content during storage in the red stage of 
tomato fruits. 
 Concentrations of reduced ascorbic acid (AsA), dehydroascorbic acid 
(DHA) and the total of AsA and DHA concentrations measured in pericarp 
portion of tomato tissue were decreased in the green stage of tomatoes 
storage under the ozone enrichment atmosphere and increased in the fruits 
in the red stage. Ratios of redox (ASA/ (ASA + DHA) and DHA/AsA did 
not show clear differences between the different treatments. 
 Concentrations of reduced ascorbic acid (AsA), dehydroascorbic acid 
(DHA) and the total of AsA and DHA concentrations determined in the pulp 
tissue of tomatoes decreased in the green and yellow stages by the use of 
ozone and increased in the red stage of maturity particularly under the ozone 
treatments of 0.25 and 0.50 mgO3/g tomatoes. Ratios of redox and also 
ratios of DHA/AsA did not change significantly by the effect of exposure to 
ozone in the green or the yellow stage but there were significant increases in 
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the ratio of DHA/AsA by the increase of ozone dose in the tomato fruit the 
red stage of ripeness. 
 Antioxidant activity in the pericarp tissue was the lowest (P<0.001) 
compared with the pulp tissue of tomatoes during storage in the red stage of 
maturity, after being treated with ozone in the atmosphere of storage in a 
dose of 1.00 mgO3/g tomatoes.  
 Concentrations of glucose and fructose were higher in the tomatoes 
subjected to ozone treatments (especially under the dose of 0.50 mgO3/g 
tomatoes) than untreated tomatoes.   
The conclusion of this study is the possibility of using ozone gas in low doses in the 
atmosphere of storage of tomatoes in order to delay ripening while maintaining the 
quality properties of tomato fruits. This can solve the problem of rapid maturity of 
tomato fruits produced in the open field, particularly the varieties of rapid maturity or 
the varieties facing the problems of tropical or subtropical environment. Since Libya is 
one of the African countries known by its environment of high temperature, especially 
during the summer season, the most important recommendation of this study is the use 
of ozone in the atmospheres of storage and handling of tomatoes. It can also be 
concluded from this study that the use of ozone in the atmospheres of storage and 
handling of fresh products maintains the important compounds of these products while 
maintaining the nutritional value and health quality.    
5.2 Future work 
This research has explored some issues regarding the effect of CA atmosphere storage 
using ozone on the ripening and quality of tomato fruit. The conditions were laboratory 
conditions (14-17 ºC, humidity 90-95%). In order to fully consider the commercial 
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application of this methodology, further experiments need to be conducted to establish 
the optimum ozone dose and optimum conditions (temperature, humidity, C2H4 level 
and respiration rate). Computer simulation studies could prove beneficial in this area.  
This work has also shown that the content of glucose and fructose, which are 
responsible for the flavour in tomatoes, increased during ozone treatments. Therefore, 
further work in sensory tests is needed.   
Additional studies that could be conducted are: 
 Determination of the optimum storage conditions (ozone doses and conditions) 
for reduced C2H4 and respiratory rate in the atmosphere of green tomatoes 
during storage. 
 Detection of the likely formation of ozone inside the pulp tissue of tomatoes and 
the relative effect on ascorbic acid content.   
 Determination of the relationship between ozone and all antioxidant compounds 
(hydrophilic and lipophilic), specifically vitamin E, α-tocopherol, phenolics and 
flavonoids, and their correlation to each other.  
 Determination of optimum conditions for the antimicrobial effect of ozone. 
 Determination optimum conditions for oxidation (elimination) of odours. 
 Modelling of the financial implication vs optimum conditions required for this 
technology for commercial applications.  
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Chapter 7:   Appendix 
 
7.1 Appendix A: Samples of the carotenoid analysis using HPLC 
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Green stage 
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Yellow Stage 
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Red Stage 
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7.2 Appendix B: Samples of statistical analysis   
 
One-way ANOVA: β-carotene versus Treatment  
 
Source     DF       SS       MS      F      P 
Treatment   3  0.62844  0.20948  32.67  0.003 
Error       4  0.02565  0.00641 
Total       7  0.65409 
 
S = 0.08008   R-Sq = 96.08%   R-Sq(adj) = 93.14% 
 
 
                            Individual 95% CIs For Mean Based on 
                            Pooled StDev 
Level  N     Mean    StDev  ---+---------+---------+---------+------ 
0.00   2  0.76000  0.15556                         (----*-----) 
0.25   2  0.06000  0.01414  (----*----) 
0.50   2  0.13500  0.02121    (-----*----) 
1.00   2  0.16000  0.02828     (----*-----) 
                            ---+---------+---------+---------+------ 
                             0.00      0.30      0.60      0.90 
Pooled StDev = 0.08008 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment     Lower    Center     Upper 
0.25       -0.92233  -0.70000  -0.47767 
0.50       -0.84733  -0.62500  -0.40267 
1.00       -0.82233  -0.60000  -0.37767 
 
Treatment  ------+---------+---------+---------+--- 
0.25       (-----*-----) 
0.50         (-----*-----) 
1.00          (-----*-----) 
           ------+---------+---------+---------+--- 
              -0.70     -0.35      0.00      0.35 
 
Treatment = 0.25 subtracted from: 
 
Treatment     Lower   Center    Upper  ------+---------+---------+---------+--
- 
0.50       -0.14733  0.07500  0.29733                        (-----*-----) 
1.00       -0.12233  0.10000  0.32233                         (-----*-----) 
                                       ------+---------+---------+---------+--
- 
                                          -0.70     -0.35      0.00      0.35 
 
Treatment = 0.50 subtracted from: 
 
Treatment     Lower   Center    Upper  ------+---------+---------+---------+--
- 
1.00       -0.19733  0.02500  0.24733                      (------*-----) 
                                       ------+---------+---------+---------+--
- 
                                          -0.70     -0.35      0.00      0.35 
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Results for: Worksheet 1(stage = Yellow stage) 
  
One-way ANOVA: β-carotene versus Treatment  
 
Source     DF       SS       MS      F      P 
Treatment   3  0.65130  0.21710  29.84  0.003 
Error       4  0.02910  0.00728 
Total       7  0.68040 
 
S = 0.08529   R-Sq = 95.72%   R-Sq(adj) = 92.52% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N    Mean   StDev  ---------+---------+---------+---------+ 
0.00   2  2.0500  0.0990                        (----*-----) 
0.25   2  2.1300  0.0849                          (-----*-----) 
0.50   2  1.9750  0.0778                     (-----*----) 
1.00   2  1.4050  0.0778  (-----*----) 
                          ---------+---------+---------+---------+ 
                                 1.50      1.80      2.10      2.40 
 
Pooled StDev = 0.0853 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment     Lower    Center     Upper 
0.25       -0.15681   0.08000   0.31681 
0.50       -0.31181  -0.07500   0.16181 
1.00       -0.88181  -0.64500  -0.40819 
 
Treatment  ---------+---------+---------+---------+ 
0.25                       (----*---) 
0.50                    (----*---) 
1.00        (----*----) 
           ---------+---------+---------+---------+ 
                 -0.50      0.00      0.50      1.00 
 
Treatment = 0.25 subtracted from: 
 
Treatment     Lower    Center     Upper 
0.50       -0.39181  -0.15500   0.08181 
1.00       -0.96181  -0.72500  -0.48819 
 
Treatment  ---------+---------+---------+---------+ 
0.50                  (----*----) 
1.00       (----*---) 
           ---------+---------+---------+---------+ 
                 -0.50      0.00      0.50      1.00 
 
Treatment = 0.50 subtracted from: 
 
Treatment     Lower    Center     Upper 
1.00       -0.80681  -0.57000  -0.33319 
 
Treatment  ---------+---------+---------+---------+ 
1.00          (----*---) 
           ---------+---------+---------+---------+ 
                 -0.50      0.00      0.50      1.00 
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Results for: Worksheet 1(stage = Red Stage) 
  
One-way ANOVA: β-carotene versus Treatment  
 
Source     DF       SS       MS      F      P 
Treatment   3  0.64264  0.21421  22.11  0.006 
Error       4  0.03875  0.00969 
Total       7  0.68139 
 
S = 0.09843   R-Sq = 94.31%   R-Sq(adj) = 90.05% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N    Mean   StDev  ----+---------+---------+---------+----- 
0.00   2  1.5650  0.1202  (-----*------) 
0.25   2  2.1200  0.0990                    (------*-----) 
0.50   2  2.2750  0.0919                         (------*-----) 
1.00   2  2.2250  0.0778                        (-----*------) 
                          ----+---------+---------+---------+----- 
                            1.50      1.80      2.10      2.40 
 
Pooled StDev = 0.0984 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
Treatment = 0.00 subtracted from: 
 
Treatment    Lower   Center    Upper 
0.25       0.28173  0.55500  0.82827 
0.50       0.43673  0.71000  0.98327 
1.00       0.38673  0.66000  0.93327 
 
Treatment    -+---------+---------+---------+-------- 
0.25                           (------*------) 
0.50                               (------*------) 
1.00                              (-----*------) 
             -+---------+---------+---------+-------- 
           -0.40      0.00      0.40      0.80 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment     Lower   Center    Upper 
0.50       -0.11827  0.15500  0.42827 
1.00       -0.16827  0.10500  0.37827 
 
Treatment    -+---------+---------+---------+-------- 
0.50                 (------*------) 
1.00                (------*-----) 
             -+---------+---------+---------+-------- 
           -0.40      0.00      0.40      0.80 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment     Lower    Center    Upper 
1.00       -0.32327  -0.05000  0.22327 
 
Treatment    -+---------+---------+---------+-------- 
1.00            (------*------) 
             -+---------+---------+---------+-------- 
           -0.40      0.00      0.40      0.80 
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Results for: Worksheet 1 (stage = Green stage) 
  
One-way ANOVA: Lycopene versus Treatment  
 
Source     DF      SS      MS      F      P 
Treatment   3  2.5533  0.8511  12.96  0.016 
Error       4  0.2628  0.0657 
Total       7  2.8161 
 
S = 0.2563   R-Sq = 90.67%   R-Sq(adj) = 83.67% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N    Mean   StDev  ----+---------+---------+---------+----- 
0.00   2  2.5050  0.4172                         (------*------) 
0.25   2  0.9550  0.2333  (-------*------) 
0.50   2  1.9200  0.1273                (------*-------) 
1.00   2  2.0550  0.1344                  (------*-------) 
                          ----+---------+---------+---------+----- 
                            0.70      1.40      2.10      2.80 
 
Pooled StDev = 0.2563 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment    Lower   Center    Upper  ---------+---------+---------+---------+ 
0.25       -2.2616  -1.5500  -0.8384  (-----*-----) 
0.50       -1.2966  -0.5850   0.1266          (-----*-----) 
1.00       -1.1616  -0.4500   0.2616           (-----*-----) 
                                      ---------+---------+---------+---------+ 
                                            -1.2       0.0       1.2       2.4 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment   Lower  Center   Upper  ---------+---------+---------+---------+ 
0.50       0.2534  0.9650  1.6766                       (-----*-----) 
1.00       0.3884  1.1000  1.8116                        (-----*-----) 
                                   ---------+---------+---------+---------+ 
                                         -1.2       0.0       1.2       2.4 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment    Lower  Center   Upper  ---------+---------+---------+---------+ 
1.00       -0.5766  0.1350  0.8466                (-----*-----) 
                                    ---------+---------+---------+---------+ 
                                          -1.2       0.0       1.2       2.4 
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Results for: Worksheet 1(stage = Yellow stage) 
  
One-way ANOVA: Lycopene versus Treatment  
 
Source     DF      SS      MS      F      P 
Treatment   3  6414.5  2138.2  23.72  0.005 
Error       4   360.5    90.1 
Total       7  6775.1 
 
S = 9.494   R-Sq = 94.68%   R-Sq(adj) = 90.69% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ---------+---------+---------+---------+ 
0.00   2  188.74   9.46                            (-----*-----) 
0.25   2  138.01   4.27           (-----*-----) 
0.50   2  130.17   9.43        (-----*------) 
1.00   2  112.55  12.80  (------*-----) 
                         ---------+---------+---------+---------+ 
                                120       150       180       210 
 
Pooled StDev = 9.49 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment    Lower  Center   Upper  ------+---------+---------+---------+--- 
0.25        -77.09  -50.73  -24.37         (-----*------) 
0.50        -84.93  -58.57  -32.21       (-----*------) 
1.00       -102.55  -76.19  -49.83  (------*------) 
                                    ------+---------+---------+---------+--- 
                                        -80       -40         0        40 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment   Lower  Center  Upper  ------+---------+---------+---------+--- 
0.50       -34.20   -7.84  18.52                   (------*------) 
1.00       -51.82  -25.46   0.90               (------*-----) 
                                  ------+---------+---------+---------+--- 
                                      -80       -40         0        40 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment   Lower  Center  Upper  ------+---------+---------+---------+--- 
1.00       -43.98  -17.62   8.74                 (------*-----) 
                                  ------+---------+---------+---------+--- 
                                      -80       -40         0        40 
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Results for: Worksheet 1(stage = Red Stage) 
  
One-way ANOVA: Lycopene versus Treatment  
 
Source     DF     SS    MS      F      P 
Treatment   3  14033  4678  13.12  0.015 
Error       4   1426   357 
Total       7  15460 
 
S = 18.88   R-Sq = 90.78%   R-Sq(adj) = 83.86% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  -----+---------+---------+---------+---- 
0.00   2  411.58  19.93  (------*-------) 
0.25   2  439.79   5.30        (------*------) 
0.50   2  467.51   9.59             (-------*------) 
1.00   2  524.89  30.15                         (------*------) 
                         -----+---------+---------+---------+---- 
                            400       450       500       550 
 
Pooled StDev = 18.88 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment   Lower  Center   Upper  -------+---------+---------+---------+-- 
0.25       -24.22   28.20   80.63                (------*-----) 
0.50         3.51   55.93  108.35                   (------*------) 
1.00        60.89  113.31  165.73                           (-----*------) 
                                   -------+---------+---------+---------+-- 
                                        -80         0        80       160 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment   Lower  Center   Upper  -------+---------+---------+---------+-- 
0.50       -24.70   27.72   80.15                (-----*------) 
1.00        32.68   85.10  137.53                       (------*-----) 
                                   -------+---------+---------+---------+-- 
                                        -80         0        80       160 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment  Lower  Center   Upper  -------+---------+---------+---------+-- 
1.00        4.96   57.38  109.80                    (-----*------) 
                                  -------+---------+---------+---------+-- 
                                       -80         0        80       160 
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Results for: Worksheet 1 (stage = Green stage) 
 
pericarp tissue (flesh and skin) Green Stage 
  
One-way ANOVA: Reduced AsA versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF      SS      MS       F      P 
Treatment Dose mgO3/g to   3  451.07  150.36  114.52  0.000 
Error                     12   15.76    1.31 
Total                     15  466.82 
 
S = 1.146   R-Sq = 96.62%   R-Sq(adj) = 95.78% 
 
                         Individual 95% CIs For Mean Based on Pooled StDev 
Level  N    Mean  StDev    -+---------+---------+---------+-------- 
 Air   4  36.612  1.967                                 (---*--) 
0.25   4  35.455  0.564                               (--*--) 
0.5    4  24.683  0.555    (--*--) 
1      4  26.340  0.869        (--*--) 
                           -+---------+---------+---------+-------- 
                         24.0      28.0      32.0      36.0 
 
Pooled StDev = 1.146 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.25          -2.923   -1.157    0.608 
0.5          -13.695  -11.930  -10.165 
1            -12.038  -10.272   -8.507 
 
Treatment 
Dose mgO3/g 
tomatoes         +---------+---------+---------+--------- 
0.25                             (-*--) 
0.5              (--*-) 
1                   (-*--) 
                 +---------+---------+---------+--------- 
             -14.0      -7.0       0.0       7.0 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center   Upper 
0.5          -12.538  -10.772  -9.007 
1            -10.880   -9.115  -7.350 
 
Treatment 
Dose mgO3/g 
tomatoes         +---------+---------+---------+--------- 
0.5                (--*-) 
1                    (--*--) 
                 +---------+---------+---------+--------- 
             -14.0      -7.0       0.0       7.0 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
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tomatoes      Lower  Center  Upper 
1            -0.108   1.657  3.423 
 
Treatment 
Dose mgO3/g 
tomatoes         +---------+---------+---------+--------- 
1                                    (-*--) 
                 +---------+---------+---------+--------- 
             -14.0      -7.0       0.0       7.0 
 
 
Individual Value Plot of Reduced AsA vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: DHA versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF      SS     MS      F      P 
Treatment Dose mgO3/g to   3  287.03  95.68  72.23  0.000 
Error                     12   15.90   1.32 
Total                     15  302.93 
 
S = 1.151   R-Sq = 94.75%   R-Sq(adj) = 93.44% 
 
                         Individual 95% CIs For Mean Based on Pooled StDev 
Level  N    Mean  StDev    -+---------+---------+---------+-------- 
 Air   4  35.700  2.034                                 (---*---) 
0.25   4  34.332  0.818                              (--*---) 
0.5    4  28.175  0.369            (--*---) 
1      4  25.468  0.597    (---*--) 
                           -+---------+---------+---------+-------- 
                         24.5      28.0      31.5      35.0 
 
Pooled StDev = 1.151 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center   Upper 
0.25          -3.141   -1.368   0.406 
0.5           -9.298   -7.525  -5.752 
1            -12.006  -10.233  -8.459 
 
Treatment 
Dose mgO3/g 
tomatoes         +---------+---------+---------+--------- 
0.25                            (--*--) 
0.5                   (-*--) 
1                (--*--) 
                 +---------+---------+---------+--------- 
             -12.0      -6.0       0.0       6.0 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower  Center   Upper 
0.5           -7.931  -6.157  -4.384 
1            -10.638  -8.865  -7.092 
 
Treatment 
Dose mgO3/g 
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tomatoes         +---------+---------+---------+--------- 
0.5                     (--*--) 
1                  (--*--) 
                 +---------+---------+---------+--------- 
             -12.0      -6.0       0.0       6.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper 
1            -4.481  -2.707  -0.934 
 
Treatment 
Dose mgO3/g 
tomatoes         +---------+---------+---------+--------- 
1                             (-*--) 
                 +---------+---------+---------+--------- 
             -12.0      -6.0       0.0       6.0 
 
  
Individual Value Plot of DHA vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: Total Red AsA  +  DHA versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF       SS      MS      F      P 
Treatment Dose mgO3/g to   3  1394.19  464.73  88.57  0.000 
Error                     12    62.97    5.25 
Total                     15  1457.16 
 
S = 2.291   R-Sq = 95.68%   R-Sq(adj) = 94.60% 
 
                         Individual 95% CIs For Mean Based on Pooled StDev 
Level  N    Mean  StDev     +---------+---------+---------+--------- 
 Air   4  72.313  4.001                                   (--*---) 
0.25   4  69.440  1.470                               (--*---) 
0.5    4  52.857  0.837       (---*--) 
1      4  51.807  1.457     (---*---) 
                            +---------+---------+---------+--------- 
                         49.0      56.0      63.0      70.0 
 
Pooled StDev = 2.291 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.25          -6.402   -2.873    0.657 
0.5          -22.984  -19.455  -15.926 
1            -24.034  -20.505  -16.976 
 
Treatment 
Dose mgO3/g 
tomatoes       +---------+---------+---------+--------- 
0.25                          (--*--) 
0.5             (--*--) 
1              (--*--) 
               +---------+---------+---------+--------- 
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             -24       -12         0        12 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.5          -20.112  -16.583  -13.053 
1            -21.162  -17.633  -14.103 
 
Treatment 
Dose mgO3/g 
tomatoes       +---------+---------+---------+--------- 
0.5               (--*--) 
1                (--*--) 
               +---------+---------+---------+--------- 
             -24       -12         0        12 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center  Upper    +---------+---------+---------+--------- 
1            -4.579  -1.050  2.479                    (--*--) 
                                      +---------+---------+---------+--------- 
                                    -24       -12         0        12 
 
  
Individual Value Plot of Total Red AsA  +  DHA vs Treatment Dose mgO3/g 
tomatoes  
 
  
One-way ANOVA: Redox versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF         SS         MS      F      P 
Treatment Dose mgO3/g to   3  0.0057500  0.0019167  65.71  0.000 
Error                     12  0.0003500  0.0000292 
Total                     15  0.0061000 
 
S = 0.005401   R-Sq = 94.26%   R-Sq(adj) = 92.83% 
 
                            Individual 95% CIs For Mean Based on 
                            Pooled StDev 
Level  N     Mean    StDev  -------+---------+---------+---------+-- 
 Air   4  0.50000  0.00000                            (---*---) 
0.25   4  0.50750  0.00957                                 (---*---) 
0.5    4  0.46000  0.00000  (---*---) 
1      4  0.50250  0.00500                              (---*---) 
                            -------+---------+---------+---------+-- 
                                 0.465     0.480     0.495     0.510 
 
Pooled StDev = 0.00540 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center      Upper 
0.25         -0.000820   0.007500   0.015820 
0.5          -0.048320  -0.040000  -0.031680 
1            -0.005820   0.002500   0.010820 
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Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.25                            (--*-) 
0.5             (--*-) 
1                             (--*--) 
             ---------+---------+---------+---------+ 
                   -0.030     0.000     0.030     0.060 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center      Upper 
0.5          -0.055820  -0.047500  -0.039180 
1            -0.013320  -0.005000   0.003320 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.5          (--*--) 
1                           (-*--) 
             ---------+---------+---------+---------+ 
                   -0.030     0.000     0.030     0.060 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center     Upper 
1            0.034180  0.042500  0.050820 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
1                                          (--*--) 
             ---------+---------+---------+---------+ 
                   -0.030     0.000     0.030     0.060 
 
  
Individual Value Plot of Redox vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: DHA / Red. AsA ratios versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF       SS       MS      F      P 
Treatment Dose mgO3/g to   3  0.06608  0.02203  19.87  0.000 
Error                     12  0.01330  0.00111 
Total                     15  0.07938 
 
S = 0.03329   R-Sq = 83.24%   R-Sq(adj) = 79.06% 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N    Mean   StDev  ------+---------+---------+---------+--- 
 Air   4  0.9675  0.0050   (-----*-----) 
0.25   4  0.9625  0.0096  (-----*-----) 
0.5    4  1.1125  0.0645                           (-----*-----) 
1      4  0.9625  0.0126  (-----*-----) 
                          ------+---------+---------+---------+--- 
                              0.960     1.020     1.080     1.140 
 
Pooled StDev = 0.0333 
 
 
Fisher 95% Individual Confidence Intervals 
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All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center    Upper 
0.25         -0.05629  -0.00500  0.04629 
0.5           0.09371   0.14500  0.19629 
1            -0.05629  -0.00500  0.04629 
 
Treatment 
Dose mgO3/g 
tomatoes     -------+---------+---------+---------+-- 
0.25                     (----*---) 
0.5                                   (---*---) 
1                        (----*---) 
             -------+---------+---------+---------+-- 
                 -0.12      0.00      0.12      0.24 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower   Center    Upper 
0.5           0.09871  0.15000  0.20129 
1            -0.05129  0.00000  0.05129 
 
Treatment 
Dose mgO3/g 
tomatoes     -------+---------+---------+---------+-- 
0.5                                   (----*---) 
1                         (---*---) 
             -------+---------+---------+---------+-- 
                 -0.12      0.00      0.12      0.24 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center     Upper 
1            -0.20129  -0.15000  -0.09871 
 
Treatment 
Dose mgO3/g 
tomatoes     -------+---------+---------+---------+-- 
1            (---*----) 
             -------+---------+---------+---------+-- 
                 -0.12      0.00      0.12      0.24 
 
 
Individual Value Plot of DHA / Red. AsA ratios vs Treatment Dose mgO3/g tomato  
 
Results for: Worksheet 1(stage = Yellow stage) 
  
One-way ANOVA: Reduced AsA versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF      SS      MS      F      P 
Treatment Dose mgO3/g to   3  57.618  19.206  31.05  0.000 
Error                     12   7.422   0.619 
Total                     15  65.040 
 
S = 0.7865   R-Sq = 88.59%   R-Sq(adj) = 85.74% 
 
                         Individual 95% CIs For Mean Based on 
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                         Pooled StDev 
Level  N    Mean  StDev  ---------+---------+---------+---------+ 
 Air   4  17.148  0.273   (----*-----) 
0.25   4  21.470  0.615                              (----*-----) 
0.5    4  17.063  0.823  (-----*----) 
1      4  20.065  1.159                     (----*-----) 
                         ---------+---------+---------+---------+ 
                               17.6      19.2      20.8      22.4 
 
Pooled StDev = 0.786 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center   Upper  ---------+---------+---------+---------
+ 
0.25          3.1109   4.3225  5.5341                               (---*---) 
0.5          -1.2966  -0.0850  1.1266                 (---*---) 
1             1.7059   2.9175  4.1291                           (---*---) 
                                       ---------+---------+---------+---------
+ 
                                             -3.0       0.0       3.0       
6.0 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.5          -5.6191  -4.4075  -3.1959 
1            -2.6166  -1.4050  -0.1934 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.5          (---*---) 
1                      (---*---) 
             ---------+---------+---------+---------+ 
                   -3.0       0.0       3.0       6.0 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ---------+---------+---------+---------+ 
1            1.7909  3.0025  4.2141                           (---*---) 
                                     ---------+---------+---------+---------+ 
                                           -3.0       0.0       3.0       6.0 
 
 
 
Individual Value Plot of Reduced AsA vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: DHA versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF      SS      MS      F      P 
Treatment Dose mgO3/g to   3  59.223  19.741  27.83  0.000 
Error                     12   8.511   0.709 
Total                     15  67.734 
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S = 0.8422   R-Sq = 87.43%   R-Sq(adj) = 84.29% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  -------+---------+---------+---------+-- 
 Air   4  16.198  0.193     (----*-----) 
0.25   4  20.258  0.785                              (-----*----) 
0.5    4  15.815  0.823  (-----*-----) 
1      4  19.315  1.227                        (-----*----) 
                         -------+---------+---------+---------+-- 
                             16.0      17.6      19.2      20.8 
 
Pooled StDev = 0.842 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center   Upper  ---------+---------+---------+---------
+ 
0.25          2.7625   4.0600  5.3575                              (----*---) 
0.5          -1.6800  -0.3825  0.9150               (----*---) 
1             1.8200   3.1175  4.4150                           (---*----) 
                                       ---------+---------+---------+---------
+ 
                                             -3.0       0.0       3.0       
6.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.5          -5.7400  -4.4425  -3.1450 
1            -2.2400  -0.9425   0.3550 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.5          (---*----) 
1                        (---*---) 
             ---------+---------+---------+---------+ 
                   -3.0       0.0       3.0       6.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ---------+---------+---------+---------+ 
1            2.2025  3.5000  4.7975                            (----*---) 
                                     ---------+---------+---------+---------+ 
                                           -3.0       0.0       3.0       6.0 
 
  
  
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
176 
Individual Value Plot of DHA vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: Total Red AsA  +DHA versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF      SS     MS      F      P 
Treatment Dose mgO3/g to   3  236.20  78.73  30.64  0.000 
Error                     12   30.83   2.57 
Total                     15  267.03 
 
S = 1.603   R-Sq = 88.45%   R-Sq(adj) = 85.57% 
 
 
                         Individual 95% CIs For Mean Based on Pooled StDev 
Level  N    Mean  StDev    -+---------+---------+---------+-------- 
 Air   4  33.233  0.279     (----*----) 
0.25   4  41.727  1.363                             (----*----) 
0.5    4  32.877  1.645    (----*----) 
1      4  39.380  2.374                       (----*----) 
                           -+---------+---------+---------+-------- 
                         31.5      35.0      38.5      42.0 
 
Pooled StDev = 1.603 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ---------+---------+---------+---------+ 
0.25          6.026   8.495  10.964                               (---*---) 
0.5          -2.824  -0.355   2.114                (---*----) 
1             3.678   6.147   8.617                           (---*---) 
                                     ---------+---------+---------+---------+ 
                                           -6.0       0.0       6.0      12.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower  Center   Upper  ---------+---------+---------+---------+ 
0.5          -11.319  -8.850  -6.381  (---*---) 
1             -4.817  -2.348   0.122             (---*---) 
                                      ---------+---------+---------+---------+ 
                                            -6.0       0.0       6.0      12.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes     Lower  Center  Upper  ---------+---------+---------+---------+ 
1            4.033   6.502  8.972                            (---*---) 
                                   ---------+---------+---------+---------+ 
                                         -6.0       0.0       6.0      12.0 
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Individual Value Plot of Total Red AsA  +DHA vs Treatment Dose mgO3/g 
tomatoes  
 
  
One-way ANOVA: Redox versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF         SS         MS     F      P 
Treatment Dose mgO3/g to   3  0.0001977  0.0000659  5.08  0.017 
Error                     12  0.0001558  0.0000130 
Total                     15  0.0003534 
 
S = 0.003603   R-Sq = 55.93%   R-Sq(adj) = 44.92% 
 
 
                            Individual 95% CIs For Mean Based on Pooled StDev 
Level  N     Mean    StDev    +---------+---------+---------+--------- 
 Air   4  0.51550  0.00443                 (-------*-------) 
0.25   4  0.51400  0.00455              (-------*-------) 
0.5    4  0.51875  0.00096                        (-------*------) 
1      4  0.50900  0.00327    (-------*-------) 
                              +---------+---------+---------+--------- 
                            0.5050    0.5100    0.5150    0.5200 
 
Pooled StDev = 0.00360 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center      Upper 
0.25         -0.007050  -0.001500   0.004050 
0.5          -0.002300   0.003250   0.008800 
1            -0.012050  -0.006500  -0.000950 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.25                   (------*------) 
0.5                          (------*------) 
1                (------*------) 
             ---------+---------+---------+---------+ 
                   -0.0080    0.0000    0.0080    0.0160 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center     Upper 
0.5          -0.000800   0.004750  0.010300 
1            -0.010550  -0.005000  0.000550 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.5                            (------*------) 
1                  (------*------) 
             ---------+---------+---------+---------+ 
                   -0.0080    0.0000    0.0080    0.0160 
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Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center      Upper 
1            -0.015300  -0.009750  -0.004200 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
1            (------*------) 
             ---------+---------+---------+---------+ 
                   -0.0080    0.0000    0.0080    0.0160 
 
  
Individual Value Plot of Redox vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: DHA / Red. AsA ratios versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF        SS        MS     F      P 
Treatment Dose mgO3/g to   3  0.002247  0.000749  4.76  0.021 
Error                     12  0.001887  0.000157 
Total                     15  0.004134 
 
S = 0.01254   R-Sq = 54.35%   R-Sq(adj) = 42.94% 
 
 
                            Individual 95% CIs For Mean Based on Pooled StDev 
Level  N     Mean    StDev  ---------+---------+---------+---------+ 
 Air   4  0.94400  0.00469            (--------*--------) 
0.25   4  0.94300  0.01783            (-------*--------) 
0.5    4  0.92650  0.00473  (-------*--------) 
1      4  0.96000  0.01633                      (--------*--------) 
                            ---------+---------+---------+---------+ 
                                   0.928     0.944     0.960     0.976 
 
Pooled StDev = 0.01254 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center    Upper 
0.25         -0.02032  -0.00100  0.01832 
0.5          -0.03682  -0.01750  0.00182 
1            -0.00332   0.01600  0.03532 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
0.25                    (------*-----) 
0.5                (-----*------) 
1                             (-----*------) 
             --------+---------+---------+---------+- 
                  -0.030     0.000     0.030     0.060 
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Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center    Upper 
0.5          -0.03582  -0.01650  0.00282 
1            -0.00232   0.01700  0.03632 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
0.5                (------*-----) 
1                             (------*-----) 
             --------+---------+---------+---------+- 
                  -0.030     0.000     0.030     0.060 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
1            0.01418  0.03350  0.05282 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
1                                   (-----*------) 
             --------+---------+---------+---------+- 
                  -0.030     0.000     0.030     0.060 
 
  
Individual Value Plot of DHA / Red. AsA ratios vs Treatment Dose mgO3/g 
tomatoe  
 
Results for: Worksheet 1 (stage = Red Stage) 
  
One-way ANOVA: Reduced AsA versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF     SS     MS     F      P 
Treatment Dose mgO3/g to   3  41.04  13.68  5.61  0.012 
Error                     12  29.27   2.44 
Total                     15  70.30 
 
S = 1.562   R-Sq = 58.37%   R-Sq(adj) = 47.97% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  -------+---------+---------+---------+-- 
 Air   4  27.398  1.680       (--------*-------) 
0.25   4  26.942  1.325     (--------*-------) 
0.5    4  30.432  1.655                       (-------*--------) 
1      4  26.237  1.561  (-------*--------) 
                         -------+---------+---------+---------+-- 
                             26.0      28.0      30.0      32.0 
 
Pooled StDev = 1.562 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
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Treatment 
Dose mgO3/g 
tomatoes      Lower  Center  Upper  ---------+---------+---------+---------+ 
0.25         -2.861  -0.455  1.951             (------*------) 
0.5           0.629   3.035  5.441                       (------*------) 
1            -3.566  -1.160  1.246           (------*------) 
                                    ---------+---------+---------+---------+ 
                                          -3.5       0.0       3.5       7.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center  Upper  ---------+---------+---------+---------+ 
0.5           1.084   3.490  5.896                        (------*------) 
1            -3.111  -0.705  1.701            (------*------) 
                                    ---------+---------+---------+---------+ 
                                          -3.5       0.0       3.5       7.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ---------+---------+---------+---------+ 
1            -6.601  -4.195  -1.789  (------*------) 
                                     ---------+---------+---------+---------+ 
                                           -3.5       0.0       3.5       7.0 
 
  
Individual Value Plot of Reduced AsA vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: DHA versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF     SS    MS     F      P 
Treatment Dose mgO3/g to   3  28.40  9.47  3.57  0.047 
Error                     12  31.84  2.65 
Total                     15  60.25 
 
S = 1.629   R-Sq = 47.15%   R-Sq(adj) = 33.93% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ---------+---------+---------+---------+ 
 Air   4  26.750  1.618      (--------*--------) 
0.25   4  26.227  1.007   (--------*--------) 
0.5    4  29.320  2.069                   (--------*-------) 
1      4  25.963  1.643  (--------*--------) 
                         ---------+---------+---------+---------+ 
                               26.0      28.0      30.0      32.0 
 
Pooled StDev = 1.629 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
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Dose mgO3/g 
tomatoes      Lower  Center  Upper     +---------+---------+---------+--------
- 
0.25         -3.032  -0.523  1.987               (-------*--------) 
0.5           0.060   2.570  5.080                         (--------*-------) 
1            -3.297  -0.787  1.722              (-------*--------) 
                                       +---------+---------+---------+--------
- 
                                    -6.0      -3.0       0.0       3.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center  Upper     +---------+---------+---------+--------
- 
0.5           0.583   3.093  5.602                           (-------*--------
) 
1            -2.775  -0.265  2.245                (-------*-------) 
                                       +---------+---------+---------+--------
- 
                                    -6.0      -3.0       0.0       3.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper 
1            -5.867  -3.357  -0.848 
 
Treatment 
Dose mgO3/g 
tomatoes        +---------+---------+---------+--------- 
1               (--------*-------) 
                +---------+---------+---------+--------- 
             -6.0      -3.0       0.0       3.0 
 
  
Individual Value Plot of DHA vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: Total Red AsA  +DHA versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF     SS    MS     F      P 
Treatment Dose mgO3/g to   3  137.5  45.8  4.56  0.024 
Error                     12  120.5  10.0 
Total                     15  258.0 
 
S = 3.169   R-Sq = 53.28%   R-Sq(adj) = 41.60% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  --------+---------+---------+---------+- 
 Air   4  54.148  3.283       (-------*--------) 
0.25   4  53.170  2.315    (--------*--------) 
0.5    4  59.752  3.718                     (-------*--------) 
1      4  52.200  3.197  (--------*-------) 
                         --------+---------+---------+---------+- 
                              52.0      56.0      60.0      64.0 
 
Pooled StDev = 3.169 
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Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  --------+---------+---------+---------+- 
0.25         -5.860  -0.977   3.905            (------*------) 
0.5           0.722   5.605  10.488                     (------*------) 
1            -6.830  -1.947   2.935          (------*------) 
                                     --------+---------+---------+---------+- 
                                          -7.0       0.0       7.0      14.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  --------+---------+---------+---------+- 
0.5           1.700   6.582  11.465                      (------*------) 
1            -5.853  -0.970   3.913            (------*------) 
                                     --------+---------+---------+---------+- 
                                          -7.0       0.0       7.0      14.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower  Center   Upper  --------+---------+---------+---------+- 
1            -12.435  -7.552  -2.670  (------*------) 
                                      --------+---------+---------+---------+- 
                                           -7.0       0.0       7.0      14.0 
 
  
Individual Value Plot of Total Red AsA  +DHA vs Treatment Dose mgO3/g 
tomatoes  
 
  
One-way ANOVA: Redox versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF         SS         MS     F      P 
Treatment Dose mgO3/g to   3  0.0000687  0.0000229  1.57  0.248 
Error                     12  0.0001750  0.0000146 
Total                     15  0.0002438 
 
S = 0.003819   R-Sq = 28.21%   R-Sq(adj) = 10.26% 
 
 
                            Individual 95% CIs For Mean Based on 
                            Pooled StDev 
Level  N     Mean    StDev  ---+---------+---------+---------+------ 
 Air   4  0.50000  0.00000  (-----------*----------) 
0.25   4  0.50250  0.00500         (-----------*-----------) 
0.5    4  0.50500  0.00577                (-----------*-----------) 
1      4  0.50000  0.00000  (-----------*----------) 
                            ---+---------+---------+---------+------ 
                             0.4970    0.5005    0.5040    0.5075 
 
Pooled StDev = 0.00382 
 
 
Fisher 95% Individual Confidence Intervals 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
183 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower    Center     Upper 
0.25         -0.003383  0.002500  0.008383 
0.5          -0.000883  0.005000  0.010883 
1            -0.005883  0.000000  0.005883 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
0.25                     (---------*---------) 
0.5                           (--------*---------) 
1                    (---------*---------) 
             --------+---------+---------+---------+- 
                  -0.0060    0.0000    0.0060    0.0120 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center     Upper 
0.5          -0.003383   0.002500  0.008383 
1            -0.008383  -0.002500  0.003383 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
0.5                      (---------*---------) 
1                (---------*---------) 
             --------+---------+---------+---------+- 
                  -0.0060    0.0000    0.0060    0.0120 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes         Lower     Center     Upper 
1            -0.010883  -0.005000  0.000883 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
1            (---------*--------) 
             --------+---------+---------+---------+- 
                  -0.0060    0.0000    0.0060    0.0120 
 
  
Individual Value Plot of Redox vs Treatment Dose mgO3/g tomatoes  
 
  
One-way ANOVA: DHA / Red. AsA ratios versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF        SS        MS     F      P 
Treatment Dose mgO3/g to   3  0.001069  0.000356  1.44  0.281 
Error                     12  0.002975  0.000248 
Total                     15  0.004044 
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S = 0.01575   R-Sq = 26.43%   R-Sq(adj) = 8.04% 
 
 
                            Individual 95% CIs For Mean Based on 
                            Pooled StDev 
Level  N     Mean    StDev   -+---------+---------+---------+-------- 
 Air   4  0.97000  0.01414         (-----------*----------) 
0.25   4  0.97500  0.01915             (----------*----------) 
0.5    4  0.96000  0.01826   (----------*----------) 
1      4  0.98250  0.00957                  (----------*----------) 
                             -+---------+---------+---------+-------- 
                            0.945     0.960     0.975     0.990 
 
Pooled StDev = 0.01575 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 81.57% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center    Upper 
0.25         -0.01926   0.00500  0.02926 
0.5          -0.03426  -0.01000  0.01426 
1            -0.01176   0.01250  0.03676 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.25                    (---------*---------) 
0.5               (---------*---------) 
1                          (---------*---------) 
             ---------+---------+---------+---------+ 
                   -0.025     0.000     0.025     0.050 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower    Center    Upper 
0.5          -0.03926  -0.01500  0.00926 
1            -0.01676   0.00750  0.03176 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
0.5             (---------*---------) 
1                        (---------*---------) 
             ---------+---------+---------+---------+ 
                   -0.025     0.000     0.025     0.050 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes        Lower   Center    Upper 
1            -0.00176  0.02250  0.04676 
 
Treatment 
Dose mgO3/g 
tomatoes     ---------+---------+---------+---------+ 
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1                              (---------*---------) 
             ---------+---------+---------+---------+ 
                   -0.025     0.000     0.025     0.050 
 
  
Individual Value Plot of DHA / Red. AsA ratios vs Treatment Dose mgO3/g tomato  
 
 
One-way ANOVA: Pericarp tissue: Antioxidant Capacity (μ M 
TEAC) versus Treatment Dose mgO3/g tomatoes  
 
Source                    DF        SS       MS       F      P 
Treatment Dose mgO3/g to   3  1475.042  491.681  522.52  0.000 
Error                      4     3.764    0.941 
Total                      7  1478.806 
 
S = 0.9700   R-Sq = 99.75%   R-Sq(adj) = 99.55% 
 
 
                          Individual 95% CIs For Mean Based on Pooled StDev 
Level  N     Mean  StDev    +---------+---------+---------+--------- 
 Air   2  193.865  0.021      (-*-) 
0.25   2  192.845  1.930     (-*-) 
0.5    2  191.880  0.156    (-*-) 
1      2  224.180  0.113                                    (-*-) 
                            +---------+---------+---------+--------- 
                          190       200       210       220 
 
Pooled StDev = 0.970 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  -------+---------+---------+---------+-- 
0.25         -3.713  -1.020   1.673                 (*-) 
0.5          -4.678  -1.985   0.708                 (*) 
1            27.622  30.315  33.008                                 (*-) 
                                     -------+---------+---------+---------+-- 
                                          -20         0        20        40 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  -------+---------+---------+---------+-- 
0.5          -3.658  -0.965   1.728                 (-*) 
1            28.642  31.335  34.028                                 (-*) 
                                     -------+---------+---------+---------+-- 
                                          -20         0        20        40 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  -------+---------+---------+---------+-- 
1            29.607  32.300  34.993                                  (*) 
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                                     -------+---------+---------+---------+-- 
                                          -20         0        20        40 
 
  
One-way ANOVA: Pulp tissue: Antioxidant Capacity (μ M TEAC) versus Treatment 
Dose mgO3/g tomatoes  
 
Source                    DF        SS       MS        F      P 
Treatment Dose mgO3/g to   3  1346.578  448.859  2436.31  0.000 
Error                      4     0.737    0.184 
Total                      7  1347.315 
 
S = 0.4292   R-Sq = 99.95%   R-Sq(adj) = 99.90% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N     Mean  StDev  ------+---------+---------+---------+--- 
 Air   2  194.465  0.841  *) 
0.25   2  205.480  0.028             *) 
0.5    2  220.575  0.078                            (* 
1      2  227.805  0.148                                   (*) 
                          ------+---------+---------+---------+--- 
                              200       210       220       230 
 
Pooled StDev = 0.429 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ------+---------+---------+---------+--- 
0.25          9.823  11.015  12.207                         *) 
0.5          24.918  26.110  27.302                                   *) 
1            32.148  33.340  34.532                                       (*) 
                                     ------+---------+---------+---------+--- 
                                         -15         0        15        30 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ------+---------+---------+---------+--- 
0.5          13.903  15.095  16.287                           (*) 
1            21.133  22.325  23.517                                (*) 
                                     ------+---------+---------+---------+--- 
                                         -15         0        15        30 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes     Lower  Center  Upper  ------+---------+---------+---------+--- 
1            6.038   7.230  8.422                      (*) 
                                   ------+---------+---------+---------+--- 
                                       -15         0        15        30 
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Results for: Worksheet 1 (stage = Yellow stage) 
  
One-way ANOVA: Pericarp tissue (μ M TEAC) versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF        SS       MS       F      P 
Treatment Dose mgO3/g to   3  124.6375  41.5458  655.56  0.000 
Error                      4    0.2535   0.0634 
Total                      7  124.8910 
 
S = 0.2517   R-Sq = 99.80%   R-Sq(adj) = 99.64% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N     Mean  StDev  -----+---------+---------+---------+---- 
 Air   2  235.285  0.460                              (*-) 
0.25   2  227.055  0.035  (-*) 
0.5    2  237.040  0.198                                   (-*-) 
1      2  235.830  0.042                               (-*-) 
                          -----+---------+---------+---------+---- 
                           228.0     231.0     234.0     237.0 
 
Pooled StDev = 0.252 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  --------+---------+---------+---------+- 
0.25         -8.929  -8.230  -7.531     (*) 
0.5           1.056   1.755   2.454                      (*) 
1            -0.154   0.545   1.244                    (*) 
                                     --------+---------+---------+---------+- 
                                          -6.0       0.0       6.0      12.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes     Lower  Center   Upper  --------+---------+---------+---------+- 
0.5          9.286   9.985  10.684                                   (-*) 
1            8.076   8.775   9.474                                 (-*) 
                                    --------+---------+---------+---------+- 
                                         -6.0       0.0       6.0      12.0 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  --------+---------+---------+---------+- 
1            -1.909  -1.210  -0.511                 (*) 
                                     --------+---------+---------+---------+- 
                                          -6.0       0.0       6.0      12.0 
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One-way ANOVA: Pulp tissue (μM TEAC) versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF       SS       MS       F      P 
Treatment Dose mgO3/g to   3  484.782  161.594  655.52  0.000 
Error                      4    0.986    0.247 
Total                      7  485.768 
 
S = 0.4965   R-Sq = 99.80%   R-Sq(adj) = 99.64% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N     Mean  StDev  -------+---------+---------+---------+-- 
 Air   2  228.600  0.141                  (-*-) 
0.25   2  218.580  0.976  (*-) 
0.5    2  228.305  0.064                  (-*) 
1      2  240.540  0.099                                      (-*-) 
                          -------+---------+---------+---------+-- 
                             222.0     228.0     234.0     240.0 
 
Pooled StDev = 0.497 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center   Upper  ---------+---------+---------+---------
+ 
0.25         -11.399  -10.020  -8.641            (*) 
0.5           -1.674   -0.295   1.084                    (*) 
1             10.561   11.940  13.319                              (*) 
                                       ---------+---------+---------+---------
+ 
                                              -12         0        12        
24 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ---------+---------+---------+---------+ 
0.5           8.346   9.725  11.104                            (*) 
1            20.581  21.960  23.339                                      (*) 
                                     ---------+---------+---------+---------+ 
                                            -12         0        12        24 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes      Lower  Center   Upper  ---------+---------+---------+---------+ 
1            10.856  12.235  13.614                              (*) 
                                     ---------+---------+---------+---------+ 
                                            -12         0        12        24 
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Results for: Worksheet 1(stage = Red Stage) 
  
One-way ANOVA: Pericarp tissue (μ M TEAC) versus Treatment Dose mgO3/g 
tomato  
 
Source                    DF        SS        MS         F      P 
Treatment Dose mgO3/g to   3  754.5441  251.5147  11025.30  0.000 
Error                      4    0.0913    0.0228 
Total                      7  754.6354 
 
S = 0.1510   R-Sq = 99.99%   R-Sq(adj) = 99.98% 
 
 
                          Individual 95% CIs For Mean Based on 
                          Pooled StDev 
Level  N     Mean  StDev  ----+---------+---------+---------+----- 
 Air   2  233.845  0.035                                        * 
0.25   2  226.390  0.170                             *) 
0.5    2  227.500  0.127                               * 
1      2  207.800  0.212  (* 
                          ----+---------+---------+---------+----- 
                          210.0     217.0     224.0     231.0 
 
Pooled StDev = 0.151 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.25          -7.874   -7.455   -7.036 
0.5           -6.764   -6.345   -5.926 
1            -26.464  -26.045  -25.626 
 
Treatment 
Dose mgO3/g 
tomatoes     --+---------+---------+---------+------- 
0.25                        (* 
0.5                          (* 
1            *) 
             --+---------+---------+---------+------- 
             -24       -12         0        12 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.5            0.691    1.110    1.529 
1            -19.009  -18.590  -18.171 
 
Treatment 
Dose mgO3/g 
tomatoes     --+---------+---------+---------+------- 
0.5                                 * 
1                  (* 
             --+---------+---------+---------+------- 
             -24       -12         0        12 
 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
190 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
1            -20.119  -19.700  -19.281 
 
Treatment 
Dose mgO3/g 
tomatoes     --+---------+---------+---------+------- 
1                 (* 
             --+---------+---------+---------+------- 
             -24       -12         0        12 
 
  
One-way ANOVA: Pulp tissue (μ M TEAC) versus Treatment Dose mgO3/g 
tomatoes  
 
Source                    DF        SS        MS         F      P 
Treatment Dose mgO3/g to   3  6663.033  2221.011  18794.25  0.000 
Error                      4     0.473     0.118 
Total                      7  6663.505 
 
S = 0.3438   R-Sq = 99.99%   R-Sq(adj) = 99.99% 
 
 
                          Individual 95% CIs For Mean Based on Pooled StDev 
Level  N     Mean  StDev    +---------+---------+---------+--------- 
 Air   2  229.875  0.346                                       * 
0.25   2  228.670  0.240                                      *) 
0.5    2  218.210  0.537                                 * 
1      2  159.765  0.078    * 
                            +---------+---------+---------+--------- 
                          160       180       200       220 
 
Pooled StDev = 0.344 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment Dose mgO3/g tomatoes 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment Dose mgO3/g tomatoes =  Air subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.25          -2.159   -1.205   -0.251 
0.5          -12.619  -11.665  -10.711 
1            -71.064  -70.110  -69.156 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
0.25                          (* 
0.5                         * 
1            *) 
             --------+---------+---------+---------+- 
                   -40         0        40        80 
 
 
Treatment Dose mgO3/g tomatoes = 0.25 subtracted from: 
 
Treatment 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
191 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
0.5          -11.414  -10.460   -9.506 
1            -69.859  -68.905  -67.951 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
0.5                         *) 
1             * 
             --------+---------+---------+---------+- 
                   -40         0        40        80 
 
 
Treatment Dose mgO3/g tomatoes = 0.5 subtracted from: 
 
Treatment 
Dose mgO3/g 
tomatoes       Lower   Center    Upper 
1            -59.399  -58.445  -57.491 
 
Treatment 
Dose mgO3/g 
tomatoes     --------+---------+---------+---------+- 
1               *) 
             --------+---------+---------+---------+- 
                   -40         0        40        80 
 
 
One-way ANOVA: Glucose versus Treatment  
 
Source     DF      SS     MS      F      P 
Treatment   3   9.442  3.147  21.85  0.006 
Error       4   0.576  0.144 
Total       7  10.019 
 
S = 0.3796   R-Sq = 94.25%   R-Sq(adj) = 89.93% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ------+---------+---------+---------+--- 
0.00   2  12.005  0.361  (-----*-----) 
0.25   2  13.885  0.601                 (------*-----) 
0.50   2  14.830  0.184                         (------*-----) 
1.00   2  12.690  0.226        (-----*-----) 
                         ------+---------+---------+---------+--- 
                            12.0      13.2      14.4      15.6 
 
Pooled StDev = 0.380 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment    Lower  Center   Upper  ------+---------+---------+---------+--- 
0.25        0.8261  1.8800  2.9339                      (----*-----) 
0.50        1.7711  2.8250  3.8789                           (----*----) 
1.00       -0.3689  0.6850  1.7389                (----*-----) 
                                    ------+---------+---------+---------+--- 
                                       -2.0       0.0       2.0       4.0 
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Treatment = 0.25 subtracted from: 
 
Treatment    Lower   Center    Upper  ------+---------+---------+---------+--- 
0.50       -0.1089   0.9450   1.9989                 (-----*----) 
1.00       -2.2489  -1.1950  -0.1411       (----*----) 
                                      ------+---------+---------+---------+--- 
                                         -2.0       0.0       2.0       4.0 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment    Lower   Center    Upper  ------+---------+---------+---------+--- 
1.00       -3.1939  -2.1400  -1.0861  (----*-----) 
                                      ------+---------+---------+---------+--- 
                                         -2.0       0.0       2.0       4.0 
 
  
Individual Value Plot of Glucose vs Treatment 
 
 
Results for: Worksheet 1 (stage = Yellow stage) 
  
One-way ANOVA: Glucose versus Treatment  
 
Source     DF     SS     MS      F      P 
Treatment   3  9.005  3.002  20.84  0.007 
Error       4  0.576  0.144 
Total       7  9.581 
 
S = 0.3795   R-Sq = 93.99%   R-Sq(adj) = 89.48% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ---+---------+---------+---------+------ 
0.00   2  14.745  0.304  (-----*-----) 
0.25   2  15.605  0.403         (-----*-----) 
0.50   2  16.210  0.368              (-----*-----) 
1.00   2  17.655  0.431                          (-----*-----) 
                         ---+---------+---------+---------+------ 
                         14.4      15.6      16.8      18.0 
 
Pooled StDev = 0.380 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment    Lower  Center   Upper  ------+---------+---------+---------+--- 
0.25       -0.1937  0.8600  1.9137                 (----*-----) 
0.50        0.4113  1.4650  2.5187                    (----*-----) 
1.00        1.8563  2.9100  3.9637                           (-----*----) 
                                    ------+---------+---------+---------+--- 
                                       -2.0       0.0       2.0       4.0 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment    Lower  Center   Upper  ------+---------+---------+---------+--- 
0.50       -0.4487  0.6050  1.6587                (----*----) 
1.00        0.9963  2.0500  3.1037                       (----*-----) 
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                                    ------+---------+---------+---------+--- 
                                       -2.0       0.0       2.0       4.0 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment   Lower  Center   Upper  ------+---------+---------+---------+--- 
1.00       0.3913  1.4450  2.4987                    (----*----) 
                                   ------+---------+---------+---------+--- 
                                      -2.0       0.0       2.0       4.0 
 
  
Individual Value Plot of Glucose vs Treatment 
 
 
Results for: Worksheet 1 (stage = Red Stage) 
  
One-way ANOVA: Glucose versus Treatment  
 
Source     DF      SS      MS      F      P 
Treatment   3  4.6177  1.5392  19.52  0.007 
Error       4  0.3153  0.0788 
Total       7  4.9331 
 
S = 0.2808   R-Sq = 93.61%   R-Sq(adj) = 88.81% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ------+---------+---------+---------+--- 
0.00   2  16.045  0.219  (------*-----) 
0.25   2  17.675  0.177                      (------*------) 
0.50   2  18.060  0.453                           (------*------) 
1.00   2  17.425  0.177                   (------*------) 
                         ------+---------+---------+---------+--- 
                            16.00     16.80     17.60     18.40 
 
Pooled StDev = 0.281 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment   Lower  Center   Upper   --+---------+---------+---------+------- 
0.25       0.8504  1.6300  2.4096                      (------*-----) 
0.50       1.2354  2.0150  2.7946                         (------*-----) 
1.00       0.6004  1.3800  2.1596                    (-----*------) 
                                    --+---------+---------+---------+------- 
                                   -1.2       0.0       1.2       2.4 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment    Lower   Center   Upper   --+---------+---------+---------+------- 
0.50       -0.3946   0.3850  1.1646            (-----*------) 
1.00       -1.0296  -0.2500  0.5296      (------*-----) 
                                      --+---------+---------+---------+------- 
                                     -1.2       0.0       1.2       2.4 
 
 
Treatment = 0.50 subtracted from: 
 
 Milad A. Shalluf          School of Engineering, Design and Technology            University of Bradford             
 
   
194 
Treatment    Lower   Center   Upper   --+---------+---------+---------+------- 
1.00       -1.4146  -0.6350  0.1446   (------*-----) 
                                      --+---------+---------+---------+------- 
                                     -1.2       0.0       1.2       2.4 
 
  
Individual Value Plot of Glucose vs Treatment 
 
Results for: Worksheet 1 (stage = Green stage) 
  
One-way ANOVA: Fructose versus Treatment  
 
Source     DF      SS      MS     F      P 
Treatment   3  0.6277  0.2092  6.13  0.056 
Error       4  0.1365  0.0341 
Total       7  0.7642 
 
S = 0.1847   R-Sq = 82.14%   R-Sq(adj) = 68.74% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ---+---------+---------+---------+------ 
0.00   2  11.045  0.219  (--------*--------) 
0.25   2  11.260  0.226       (--------*---------) 
0.50   2  11.735  0.092                   (--------*--------) 
1.00   2  11.640  0.170                 (--------*--------) 
                         ---+---------+---------+---------+------ 
                         10.80     11.20     11.60     12.00 
 
Pooled StDev = 0.185 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment    Lower  Center   Upper  ------+---------+---------+---------+--- 
0.25       -0.2979  0.2150  0.7279             (--------*-------) 
0.50        0.1771  0.6900  1.2029                     (-------*--------) 
1.00        0.0821  0.5950  1.1079                   (--------*-------) 
                                    ------+---------+---------+---------+--- 
                                       -0.60      0.00      0.60      1.20 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment    Lower  Center   Upper  ------+---------+---------+---------+--- 
0.50       -0.0379  0.4750  0.9879                 (--------*-------) 
1.00       -0.1329  0.3800  0.8929                (-------*--------) 
                                    ------+---------+---------+---------+--- 
                                       -0.60      0.00      0.60      1.20 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment    Lower   Center   Upper  ------+---------+---------+---------+--- 
1.00       -0.6079  -0.0950  0.4179        (-------*--------) 
                                     ------+---------+---------+---------+--- 
                                        -0.60      0.00      0.60      1.20 
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Individual Value Plot of Fructose vs Treatment 
 
 
Results for: Worksheet 1 (stage = Yellow stage) 
  
One-way ANOVA: Fructose versus Treatment  
 
Source     DF      SS      MS      F      P 
Treatment   3  2.5111  0.8370  28.30  0.004 
Error       4  0.1183  0.0296 
Total       7  2.6294 
 
S = 0.1720   R-Sq = 95.50%   R-Sq(adj) = 92.13% 
 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  ---------+---------+---------+---------+ 
0.00   2  15.385  0.163  (----*-----) 
0.25   2  16.205  0.134               (-----*-----) 
0.50   2  16.950  0.212                            (-----*----) 
1.00   2  16.380  0.170                  (-----*-----) 
                         ---------+---------+---------+---------+ 
                               15.60     16.20     16.80     17.40 
 
Pooled StDev = 0.172 
 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment   Lower  Center   Upper   --+---------+---------+---------+------- 
0.25       0.3425  0.8200  1.2975                  (----*----) 
0.50       1.0875  1.5650  2.0425                          (----*---) 
1.00       0.5175  0.9950  1.4725                    (----*----) 
                                    --+---------+---------+---------+------- 
                                   -1.0       0.0       1.0       2.0 
 
 
Treatment = 0.25 subtracted from: 
 
Treatment    Lower  Center   Upper   --+---------+---------+---------+------- 
0.50        0.2675  0.7450  1.2225                  (---*----) 
1.00       -0.3025  0.1750  0.6525            (----*----) 
                                     --+---------+---------+---------+------- 
                                    -1.0       0.0       1.0       2.0 
 
 
Treatment = 0.50 subtracted from: 
 
Treatment    Lower   Center    Upper   --+---------+---------+---------+------
- 
1.00       -1.0475  -0.5700  -0.0925     (---*----) 
                                       --+---------+---------+---------+------
- 
                                      -1.0       0.0       1.0       2.0 
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Individual Value Plot of Fructose vs Treatment 
 
 
Results for: Worksheet 1 (stage = Red Stage) 
  
One-way ANOVA: Fructose versus Treatment  
 
Source     DF      SS      MS      F      P 
Treatment   3  2.3653  0.7884  44.83  0.002 
Error       4  0.0703  0.0176 
Total       7  2.4357 
 
S = 0.1326   R-Sq = 97.11%   R-Sq(adj) = 94.95% 
 
                         Individual 95% CIs For Mean Based on 
                         Pooled StDev 
Level  N    Mean  StDev  --------+---------+---------+---------+- 
0.00   2  16.610  0.127  (----*---) 
0.25   2  17.355  0.078               (---*----) 
0.50   2  18.145  0.078                            (---*----) 
1.00   2  17.445  0.205                (----*---) 
                         --------+---------+---------+---------+- 
                              16.80     17.40     18.00     18.60 
 
Pooled StDev = 0.133 
 
Fisher 95% Individual Confidence Intervals 
All Pairwise Comparisons among Levels of Treatment 
 
Simultaneous confidence level = 84.70% 
 
 
Treatment = 0.00 subtracted from: 
 
Treatment   Lower  Center   Upper  ----+---------+---------+---------+----- 
0.25       0.3768  0.7450  1.1132                     (---*----) 
0.50       1.1668  1.5350  1.9032                               (---*----) 
1.00       0.4668  0.8350  1.2032                      (---*----) 
                                   ----+---------+---------+---------+----- 
                                    -0.80      0.00      0.80      1.60 
 
Treatment = 0.25 subtracted from: 
 
Treatment    Lower  Center   Upper  ----+---------+---------+---------+----- 
0.50        0.4218  0.7900  1.1582                     (----*---) 
1.00       -0.2782  0.0900  0.4582             (---*----) 
                                    ----+---------+---------+---------+----- 
                                     -0.80      0.00      0.80      1.60 
 
Treatment = 0.50 subtracted from: 
 
Treatment    Lower   Center    Upper  ----+---------+---------+---------+----- 
1.00       -1.0682  -0.7000  -0.3318   (---*----) 
                                      ----+---------+---------+---------+----- 
                                       -0.80      0.00      0.80      1.60 
 
